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INTRODUCTION 
The electric utility industry depends on coal to provide a major 
portion of its energy. Coal typically contains up to 25% mineral matter 
as mined. The mineral matter causes a number of deleterious effects, 
such as the following. The minerals in the coal are a diluent that 
lowers the effective heating value of a ton of coal and adds to the 
shipping cost. The ash that results from the mineral matter during 
combustion has adverse effects on the boilers designed to extract the 
thermal content from coal. The ash forms slag inside the boiler, lowers 
the heat transfer rate across the boiler tubes, and fouls boiler 
passages. The ash also presents a major waste treatment and disposal 
problem. Over 90 million tons of ash and flue gas desulfurization sludge 
are produced each year in the United States alone (Burnet, 1985). 
Therefore, numerous coal cleaning processes have been developed to 
remove the ash-forming minerals before combustion. Conventional cleaning 
techniques include heavy-media separation, jigging, and froth flotation, 
and depend on physical properties of the coal and mineral particles to 
effect a separation. Chemical processes are also being developed to 
remove the mineral matter. Such techniques include the TRV Gravimelt 
molten caustic process, the General Electric microwave process, and the 
Ames Laboratory oxydesulfurization process (Vheelock and Markuszewski, 
1984). Pre-combustion cleaning results in a higher quality fuel and in 
fewer problems with boiler fouling and less load on the ash collection 
and disposal systems. Cleaning also opens up a wider base of coal for 
utilization as detrimental ash and sulfur are removed to bring 'dirty' 
coal into line with boiler and environmental requirements. 
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However, coals differ widely in their response to cleaning. Coals 
differ in the mineral phases present and the the relative amounts of 
those minerals. For example, western coals typically contain more 
carbonate minerals than do midwestern or eastern coals. Coals will also 
differ in the size of mineral particles and the distribution and 
association of those particles with each other and with the organic 
matter. Coals with larger mineral particles or coals where mineral 
matter is contained primarily in bands of mineral matter will typically 
be easier to clean. Detailed mineral matter characterization of raw and 
cleaned coals is necessary for design and evaluation of cleaning 
processes. 
Need for AIA-SEM characterization 
Host commonly-used characterization techniques are limited to 
measuring average properties in the bulk sample only. Techniques such as 
X-ray fluorescence (XRF) and atomic absorption (AA), or inductively-
coupled plasma (ICF) yield information on the average elemental 
composition only. Methods such as X-ray diffraction (XRD) and Fourier 
transform infra-red spectroscopy (FTIR) are able to identify and measure 
the abundance of the various mineral forms present but are also 
restricted to bulk analyses. In addition, the amount of minerals present 
in coal is often insufficient to be detected by XRD or FTIR without 
special preanalysis concentration steps such as low temperature ashing to 
remove the organic matter. For proper design and analysis of coal 
cleaning, it is necessary to know not only the amount and identity of the 
minerals present, but also their size distribution and the extent of 
association with the coal matrix. Conventional analyses are not able to 
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provide this type of information. 
The scanning electron microscope (SEN) has the capability to 
characterize mineral particles for size and shape in place in the coal 
matrix. With the addition of X-ray analyzers, the SEN is also able to 
characterize particles for elemental composition which can often lead to 
the identity of the mineral phase. The major limitation on SEN 
characterization has been the length of time needed to collect 
statistically significant data, and the tendency for operator bias to 
influence the results. 
The recent introduction of low cost mini-computers has made possible 
the technique of on-line, automated image analysis (ÂIA). The computer 
is able to automate most of the routine functions of the SEM analysis. 
It is possible to automatically search through a field of view to locate 
particles, characterize those particles for size and shape, analyze the 
particles for elemental composition, and compile and reduce the data. 
With such automation, statistically significant numbers (thousands) of 
particles can be analyzed in a reasonable amount of time (hours). 
AIA is wsll-suitsd for application to the characterization of 
mineral matter in coal. AIA is able to provide determinations of mineral 
matter character with respect to both mineral phase and size 
distribution. AIA is able to analyze coal mineral matter without 
concentration of the minerals by low temperature ashing. It is sensitive 
to trace mineral phases that would be undetected by other techniques such 
as XRD or FTIR, even after concentration. In a similar manner, AIA is 
able to analyze coals with minimal amounts of mineral matter, such as 
those produced by cleaning processes. 
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AIA has potential application to be used in conjunction with the 
development of coal cleaning processes. The size information available 
from AIA results for raw coal may be used to determine the degree of 
grinding necessary to liberate mineral matter. AIA is also useful for 
assessing removal and/or alteration of mineral matter during cleaning. 
The size and chemical information gathered through AIA allows performance 
of the cleaning process to be evaluated with respect to both mineral 
phase and particle size. 
Application of AIA to coal preparation 
AIA results will be presented for six raw coals used in two 
different cleaning studies. The samples represent coal seams of economic 
significance to the utility industry. Size and mineral abundance data will 
be presented for each coal. Results will be compared to assess 
differences in mineral phase and size distributions among the coals. AIA 
results will be presented for four physically-cleaned coals which were 
studied to assess changes in the mineral distributions as a result of 
cleaning. Of particular interest are changes in the phase and size 
distributions and the insights that such distributions offer for 
improving the cleaning process. Results will also be presented for two 
chemically-processed coals and one partially-processed sample. AIA was 
applied to demonstrate the capability of AIA to analyze samples with low 
ash content In addition to documenting changes in the phase and size 
distributions anticipated during cleaning, AIA was also used to 
characterize the changes in the chemistry of the mineral phases with 
cleaning. 
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OBJECTIVE 
The overall objective of this work is to apply SEH-based automated 
image analysis to the characterization of mineral matter in rav and 
processed coals. However, the AIA technique first needs to be developed 
beyond the state-of-the-art described in the literature so that it may be 
accepted as an accurate and reproducible method for characterizing 
minerals in coal. 
The first goal is to demonstrate that AIA can produce comparable 
results to those of other accepted techniques such as vet chemical 
analyses (e.g., ASTM analyses). X-ray diffraction, or FTIR mineralogical 
analyses. In particular, it is the goal of this work to refine the AIA 
technique to the point where no empirical correction factors are needed 
to bring AIA results into agreement with other analyses. For example, 
Huggins et al. (1980) have indicated that a correction factor is 
necessary for pyrite analyses. Although such an empirical factor may 
lead to agreement with other analyses for many coals, it is preferable to 
develop a fundamental understanding of the reasons for any error, so that 
corrections can be made in the correct magnitude, and only for those 
coals needing corrections. 
A second aspect of the first goal is the development of a chemistry 
definition file for properly categorizing mineral particles on the basis 
of chemical and/or size characteristics. It is desirable to understand 
the rules for developing an accurate definition file and the sensitivity 
of the results to changes in the chemical specifications or to changes in 
the ordering of the mineral categories. 
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The second goal is to design AIA procedures to achieve a 
predetermined level of statistical significance in the results, including 
reproducibility in the size analyses. 
The next goal will be to apply AIA to the characterization of 
mineral matter in several raw and processed coals. The first objective 
is to demonstrate that the technique of AIA is able to be accurately 
applied to characterize the mineral matter for coal samples. The raw 
coals will differ in the amount smd type of mineral matter present. The 
clean coals will present the additional problem that less than 4.6% of 
the coal will be mineral matter after processing. It is desired to apply 
AIA to these coals without concentration of the mineral matter prior to 
analysis, as is necessary for X-ray diffraction or Fourier transform 
infra-red spectroscopy. In addition, the chemically-cleaned coals will 
likely contain mineral particles that have been chemically altered during 
processing. It is desired to show that AIA can be applied to the 
characterization of such chemically-altered samples. 
The next objective is to use AIA results to provide insights into 
the coals and the cleaning processes. Differences in the mineral 
character in the raw coals with respect to both size and mineral phase 
aid in evaluating and improving the cleaning process. 
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LITERATURE REVIEW 
The literature described in this chapter is of tvo types. The first 
type deals with the development of SEM-based image analyzers and the 
capabilities afforded by such systems. The second type of literature 
describes the application of image analysis, with particular emphasis on 
the characterization of mineral matter in coal. These references are 
discussed in more detail concerning the analytical considerations in 
applying AIA to coal mineral analysis, and the results of those analyses. 
Development of SEM-based Image Analysis 
Off-line image processing 
Much of the early development of SEM-based automated image analysis 
is described in publications by White, McKinstry, and Johnson (1968), 
McMillan, Johnson and White (1969), Matson et al. (1970), Lebiedzik and 
White (1971), Burke (1972), Lebiedzik (1972), and White, Mayberry and 
Johnson (1972). Initial AIA attempts included recording the entire SEM 
image onto analog magnetic tape, digitizing the image, and then 
processing the digitized image on a 'mainframe' computer (White et al. 
1968). Initial resolution vas 175 points per each of 250 lines. The 
concept of comparing SEM signal brightness against a global threshold to 
locate features was used in this work. Lebiedzik and White (1971) 
describe the addition of a digital scan generator to an electron 
microscope to control the scanning rate. They also added a six-channel 
multiplexer in order to record X-ray data in addition to the video 
signal. While the elemental information was helpful, the X-ray data were 
not used beyond determining that an element was present or absent. Burke 
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(1972) and Lebiedzik (1972) contributed to a 'condensed tape' technique 
whereby a stored image was pre-processed so that only picture elements 
forming features of interest were recorded and passed to the image 
analysis program. Lebiedzik attached an analog comparator directly to an 
SEM, and Burke wrote software that permitted more SEM beam time to be 
allocated to features of interest and less to background areas. Since 
the presence or absence of a particle could be determined rapidly (10 ys 
dwell) from the secondary electron signal, it was not necessary to spend 
the same amount of time on all picture elements. More time (100 ys) 
could be spent on those relatively few picture elements belonging to 
features in order to acquire better X-ray signals. 
The resulting technique was known as Computer Evaluation of Scanning 
Electron Microscope Images (CESEMI). The CESEMI technique had the 
disadvantages inherent in an off-line processing method. The delay 
between data collection and results meant that much effort could be 
wasted due to errors in sample preparation or improper instrumental 
settings. It took hours before results were available for review during 
vhich time much more erroneous data might have been collected. It was 
also difficult to relocate features for more detailed analysis. 
On-line image processing 
The next major development in AIA was the close coupling of the 
computer and the SEM. The introduction of relatively inexpensive mini­
computers permitted the computer to be dedicated for use with the SEM. 
Some of the earliest dedicated computerized systems are those described 
by Hoover et al. (1975), Ekelund and Werlefors (1976), Grant et al. 
(1976), Oron and Gilbert (1976), and Stott and Chatfield (1979). 
9 
Hoover et al. (1975) and Hoover (1981) described work which built 
upon the previous work with digital scan generators and analog 
comparators at Pennsylvania State University, and which resulted in 
controlling an SEH with a PDP-11/20 mini-computer. Beam control routines 
were built into the image analysis programs so that it was not necessary 
to scan the entire SEN field. Instead, the electron beam was scanned 
across the field of view at a coarse pixel spacing until a particle was 
detected, as determined by the output of the analog comparator. The SEM 
beam was then driven at a finer pixel spacing in a manner to locate the 
center of the feature and to construct a series of diameters out from the 
center in order to size the particle (Diameter analysis). Following 
sizing, chemical data were obtained for up to sixteen elements. Initial 
work did not detail the extent of chemical classification, although it 
appears that particles were classified only on the basis of the elements 
found to be present. Hoover (1981) described later work where the 
relative intensities of the elements present were used to further 
characterize particles. 
The advantage of the aiai-conputer system vas the rapid, on-line 
analysis of particles. Use of the coarse pixel spacing did away with the 
need for extensive computational power to store and process the image. 
Results were also available much quicker to researchers. One major 
drawback of the mini-computer-based system was the lack of sophistication 
of the software and the resulting inability to analyze complicated 
particles. 
Ekelund and Verlefors (1976) attached a Trask P-300 computer to an 
SEH for on-line image analysis. The computer controlled the SEM scan in 
a 512x502 array and stored the gray level image with six bits of 
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precision in a specialized image memory. The stored image was then 
analyzed. Processing appeared to be similar to the off-line processing 
mentioned earlier, but in this case the particle analysis was done 
immediately and particle coordinates were available to control the SEN 
beam for X-ray analysis. Thresholding was done on either a global or 
local basis. For local thresholding, the gray level histogram from the 
area immediately surrounding the object of interest was used to set the 
optimum threshold level. However, no mention was made of the procedure 
to initially detect the object so that local thresholding could be 
performed. 
The feature measurements which result from their analysis are not 
described in detail. The authors circumscribed the smallest possible 
rectangle about the particle in the direction parallel to the scan. Such 
an operation yielded two projected lineal measurements of the feature. 
However, only two such directions afforded a primative measure of the 
particle dimensions. Area and perimeter measurements were discussed for 
the features, but no description was given as to how those values were 
obtained. The area and perimeter of the circumscribed rectangle would be 
gross measures of the true particle measurements. 
X-ray analyses were conducted in a spot mode for 5 to 20 seconds. 
Intensities were apparently measured for four elements only (Al, Si, S, 
and Ti). Particles were sorted into five chemical classes based on the 
X-ray results. Classification appears to have been done on the basis of 
the presence or absence of the four elements. 
Available memory limited analyses to 250 features without X-rays and 
160 features with X-rays. Such low numbers are inadequate to insure 
reproducibility, although they are an improvement over manual SEM 
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methods. 
A brief description was given of application of image analysis to 
the characterization of inclusions in steels. The results indicated 
significant differences in the distribution of carbides in two different 
samples of tool steel. The results are significant, even at such low 
feature counts, since results are expressed as number of particles per 
unit area, auid because there is a wide difference in the measured values. 
Results supposedly showing differences in the nearest neighbor distances 
of precipitates in two Al-Fe-Si alloys are subject to question. The 
limited counting statistics of less than 50 counts per histogram bin lead 
to relative uncertainties of 28% at the 95% confidence level. 
Verlefors and Eskilsson (1978) described an improved version of the 
same image analyzer. No indications were made of additional feature data 
being stored. X-ray analyses were described as being conducted along the 
full length of X and Y diameters of the particle. Such scanning does 
produce a more representative average analysis of multi-phase inclusions. 
Eight elements were monitored and relative X-ray classification was 
employed to distinguish phases. Analyses were typically performed for 
500 particles. The number of features was still too low to yield 
reproducible size analyses. Much of the data appeared to be collected at 
a single magnification with no size discrimination so that small 
particles constitute the dominant fraction of the number of particles 
analyzed, even though they constitute only a small amount of the weight. 
This added greater uncertainty to the analytical results for the time 
invested in the analysis. 
Grant et al. (1976) described hardware and software developed for 
analyzing mineral ores. An Interdata computer was used for SEM beam 
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control and data processing. SEM fields were scanned rapidly to locate 
particles. The X and Y coordinate extremes were saved for each particle. 
The rectangles defined by those coordinates were later scanned at a 
slower speed for a detailed analysis incorporating X-ray analysis. 
Extensive use was made of specialized hardware to monitor the changes in 
X-ray signals and the video signals (i.e., secondary electrons, 
backscattered electrons, and absorbed current). Thresholds were set for 
each signal, and interrupts were sent to the computer to record the 
location in the scan when at least one of the signals crossed the 
threshold value. Since X-ray signals were monitored simultaneously with 
video signals for all points, the scan proceeded relatively slowly with a 
dwell time of 0.01 to 0.1 seconds per point. A scan of a 50x50 pixel 
envelope for a moderately complex particle required 50 seconds at a dwell 
time of 0.02 seconds per point. 
Data were stored and processed off-line, either in the Interdata 
computer, or in a mainframe computer. Data were gathered for areas, 
perimeters and centroids for the features. 
The approach suggests nossibilities for analysis of composite 
features since changes in status of eight signals, and not just one, can 
be used to differentiate phases. The intensity of the X-ray signals at 
each point would be helpful in order to determine the average chemical 
composition of the features. 
Oron and Gilbert (1976) developed a computerized SEM system to store 
and process SEM images. A Data General Nova-2 mini-computer with 48 
Kbytes of memory was used to store the information on disk and process 
the resulting data file. The system appears to have been designed for 
primary application as an image processor. Several examples are given of 
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gray level processing to utilize the full range of gray levels available. 
Examples are also given for filtering, smoothing and edge enhancement 
techniques. Brief mention is made of the potential measurement of chord 
length, area, and perimeter. The system is mentioned as one of the first 
examples of the close coupling of SEM and computer. 
Stott and Chatfield (1979) describe an image analyzer built around 
the Data General Nova 1200 mini-computer with 64 Kbytes of memory. In 
their approach, only the points of the horizontal scans where the 
electron beam crossed particles were stored and used to reconstruct the 
particles. Particle area, perimeter and location were measured. X-ray 
spectra were collected for each feature for 20 seconds following shape 
characterization. The software was written to have the computer search 
through the X-ray spectrum extracting and identifying all significant X-
ray peaks and storing the most intense peak for each element found. 
Transfer and processing of the X-ray data consumed 10 to 15 seconds per 
particle. An example analysis of a frame of air particulates required 
8.5 minutes to characterize 46 features for size, 9 of which were also 
characterized by X-ray analysis. The analysis rate of 64 particles per 
hour is significantly slower than present day analysis systems, but 
represents an important improvement over manual methods. The authors 
also indicate that the system was only able to process 256 particles per 
analysis. 
Further work by Stott and Meranger (1984) employed a Digital 
Equipment Corporation PDP-11 computer to analyze asbestos fibers. The 
emphasis in that work was the development of software to resolve 
overlapping fibers in the SEM image. Image data were stored and 
processed in the same manner as described in the 1979 paper. Specialized 
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routines were employed to resolve segments of overlapped features and to 
combine the appropriate segments into the original fibers using tests for 
separation of the segments and orientation of the segments. 
Reference was made to the use of X-ray analysis to chemically 
distinguish the resolved fibers. No X-ray results were included in the 
paper. The analyzer was able to analyze 27 fibers in four minutes for an 
analysis rate of 400 particles per hour without X-ray analysis. Such 
performance is respectable for the involved processing that was 
necessary. Reference was made to one application of the system to 
analysis of 246 asbestos fibers. 
Further developments in on-line image analyzers were made by a 
number of private companies as they developed image analysis systems for 
sale. 
For example, LeMont Scientific expanded the X-ray analysis 
capabilities to work with the growing number of computer-based 
multichannel energy-dispersive X-ray spectrometers (EDS). The ability to 
communicate between the two computers allowed access to virtually the 
entire energy-dispersive X-ray spectrum, instead of the limited number of 
elements (commonly less than eight) that were accessible using single 
channel X-ray analyzers. Software was developed in 1978 to permit up to 
32 elements to be monitored simultaneously. LeMont also developed the 
chemical classification process to allow a greater number of classes to 
be defined on the basis of chemical and physical characteristics. 
Relative intensity classification was developed to allow sorting of 
particles by the relative intensity of the X-ray peaks as well as the 
elements present. The number of chemical classes was limited only by the 
available computer memory (Edwards, 1985). 
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LeHont also developed particle analysis algorithms in order to 
handle more complex particle shapes. The simple "Diameter" analysis 
sizing routine, introduced by Hoover (1981), was augmented by two 
routines entitled "Gridsuneter" and "Linescan" analysis. Gridsuneter 
utilized a coarse off-point spacing to locate particles and a fine on-
point spacing to construct a square grid over the entire area of complex 
particles. Linescan analysis functioned by analyzing the entire frame 
area at a single pixel spacing and reconstructing features line by line. 
The LeMont Scientific image analyzer vas well-suited for application 
to coal analysis and many other research problems. Virtually no limit 
vas placed on the number of particles that could be analyzed, overcoming 
the problem of limited statistics. Algorithms vere available to handle 
virtually any complexity of particle outline, although overlapping 
features or fibers present problems. The capability to analyze up to 32 
elements is adequate for most research problems. The analyzer also 
provides the capability to classify particles on the basis of the 
relative X-ray intensities and physical parameters. 
Lee et al. (1978) and Huggins et al. (1980) interfaced the LeMont 
beam control system vith an SEH equipped with a software-based 
multichannel X-ray analyzer. They also developed programs to replace the 
two computer image analysis system (i.e., one computer in the image 
analyzer and one computer in the X-ray analyzer) with a single computer 
system using the computer in the X-ray analyzer for both X-ray analysis 
and digital beam control. The resulting system is now marketed 
commercially by Tracor Northern of Middleton, Wisconsin. 
The Tracor Northern image analyzer operates in a similar manner to 
the LeMont Scientific image analyzer. The first versions of the analyzer 
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utilized the diameter analysis algorithm to characterize simple particle 
shapes. Advanced algorithms are reportedly under development. 
X-ray data are collected simultaneously with shape characterization. 
This results in a rapid analysis rate of about 2 seconds per particle. 
X-ray classification is also done in a manner similar to LeMont 
Scientific's approach. Eleven elements (Na, Hg, Al, Si, P, S, CI, K, Ca, 
Ti, and Fe) are monitored for relative X-ray intensity. Particles are 
classified into one of 29 mineral categories based on the relative 
intensities of the elements. Analysis results are reported in a format 
also very similar to the one used by LeMont Scientific, where the 
particles are reported in a two-dimensional array classified by mineral 
phase and particle size. 
Russ and co-workers have developed an image analyzer using the Apple 
II micro-computer. Gregory, Hare and Russ (1982) describe the hardware 
developed for the Apple-based system. Hare, Russ, and Russ (1982) 
describe the software implementation. The algorithms used are similar to 
those of Stott and Chatfield already cited and to LeMont Scientific's 
"Linescan" analysis. Russ and Stewart (1983) further describe the system 
and other potential characterization applications. The emphasis is on 
the ability to interface inexpensive micro-computers to scanning electron 
microscopes for image analysis. 
In summary, the LeMont and Tracor Northern image analysis systems 
appear to represent state-of-the-art of image analyzers suited to 
characterizing minerals in coal. The systems are functionally very 
similar. Both systems are able to analyze thousands of mineral particles 
per analysis to provide reproducible results, and both provide X-ray 
analysis and classification routines essential to coal mineral analysis. 
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AIA Applications 
AIA has been applied to many characterization problems over the past 
ten years. First, a number of examples are given as a sampling of the 
vide range of applications. Second, a number of applications of AIA to 
coal characterization studies, including coal mineral analysis, are 
discussed. 
Range of AIA applications 
AIA has been applied to the study of airborne particulates. It has 
been used to sort particles by size and chemical type, and has been used 
to identify the source of excessive amounts of particulates based on 
knowledge ot the characteristics of sources contributing to the 
particulate loading. Janocko et al. (1983), Casuccio et al. (1983), and 
Lee et al. (1979) describe some of these applications. Additional 
references are available discussing the particular problems that arise in 
sampling and preparation. 
AIA has been applied to the study of asbestos fibers. Stott and 
Chatfield (1979), Dixon and Taylor (1979), Stott, Chatfield and Meranger 
(1981), and Stott and Meranger (1984) discuss the development of image 
analysis hardware and software to characterize such particles. Analysis 
of asbestos and other fibrous material presents unique problems for image 
analysis. The software must not only provide a way to identify those 
pixels belonging to features, but it must resolve overlapping fibers into 
their constituents. The above papers discuss such software and the 
results. 
AIA has been applied to the study of inclusions in metals by Ekelund 
and Werlefors (1976), and by Lee et al. (1981). It has been applied to 
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the study of cement clinker by Lebiedzik et al. (1981). Also, it has 
been applied to counting cracks in rocks being studied for long term 
storage of nuclear vastes by Durham, Beiriger, and Weed (1985). 
AIA has been applied to the characterization of mineral ores. Jones 
and Shaw (1973) describe an effective method of automating linear 
traverse analyses in a microprobe. Craig et al. (1982) describe the 
GIPSY (General Image Processing SYstem) image analyzer. The system 
consists of a light microscope, TV camera/digitizer, monitor and a VAX 
11/780 computer. Software is designed to be interactive and 
transportable from one computer to another. The system is not built 
around a dedicated mini-computer. Instead, it emphasizes the ease with 
which main frame computers can be interfaced with remote measurement 
systems. Choi, Adel, and Yoon (1985) describe the use of the GIPSY 
system to study an ore of sphalerite in limestone. 
Petruk (1978a and 1978b) describes the application of optical 
microscopy and a Quantimet 720 image analyzer to measure the degree of 
liberation of sphalerite grains in mine tailings following further 
processing. Mainvaring and Petruk (1984) review applications of SEM-
based AIA to mineral processing and describe a Kontron image analyzer 
that operates on several images (BSE and X-ray) stored in memory 
simultaneously in order to identify and size mineral grains. 
Applications of AIA to coal analysis 
AIA has been applied with optical microscopes to automatically 
characterize the organic coal constituents. AIA has been used to 
automate reflectance measurements to determine coal rank and the relative 
amount of the several coal macérais present. Significant work in this 
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area has been described by Chao, Minkin and Thompson (1982) and Riepe and 
Steller (1984). 
Vleeskens et al. (1985) have used a Leitz TAS image analyzer with an 
optical microscope to determine the association of pyrite and coal 
particles. From 103 to 4059 pyrite particles were measured per sample 
for seven pairs of coal samples. Pyrite particles were located by image 
analysis and a mask was constructed just outside the perimeter of the 
pyrite particle. The masked area was then analyzed for reflectance to 
determine the proportion of the pyrite perimeter free from coal and thus 
open to microbial attack. Use of SEH-based image analysis with X-ray 
analysis could conceivably extend such analyses to other minerals besides 
pyrite. 
Robinson and Shoemaker (1984) and Robinson (1985) have used SEM-
based image analysis to compare coal particle sizes after ultrasonic and 
mechanical grinding. 
AIA elemental analysis of coal particles Moza, Strickler and 
Austin (1978), Moza, Austin and Johnson (1979) and Moza (1980) describe a 
program developed for the AIA system at Pennsylvania State University in 
order to assess the slagging and fouling effects of minerals in coal-
fired boilers. Coal samples were mounted in a barium-doped epoxy in 
order to provide image contrast with the coal. Analysis routines were 
written to scan the beam around the outside of the coal particles, 
excluding any mineral particles that might be on the surfaces of the coal 
particles. X-ray analyses were taken from the center of 8 Mm circles 
laid out to cover the entire cross section of the coal particle. 
Averages of the analyses were used to predict the ash composition 
resulting from that coal particle and its contribution to the fouling 
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behavior of that coal. The results would seem to be quite limited due to 
the exclusion of mineral matter on the surface of coal particles or 
completely liberated from the coal. 
Two coals were separated into seven size fractions at size cutoffs 
of 90, 75, 60, 45, 30, and 20 ym. At least 250 particles were analyzed 
for each size range. The analyzer required from 10 to 20 seconds to 
characterize a coal particle. The actual number of particles was 
estimated from the weight of the size fraction in the coal. The weight 
fractions of Si, Al, and Ca were converted to equivalent weight fractions 
of the respective oxides. Sulfur in excess of organic sulfur was 
converted to FeS2, given sufficient iron, and excess iron was converted 
to the oxide Fe^Og. The sum of the oxide and pyrite weight fractions was 
taken as the weight fraction of mineral matter in the coal particle. 
Coal particles were classified for each size range according to the 
weight fraction of mineral matter. Coal particles were also grouped 
according to thé type of mineral matter present. The first category 
contained coal particles with less than 0.5% mineral matter. The second 
and third categories contained particles containing FeS? and Fe^O^, 
respectively, and were subclassified according to the amount of iron-
bearing phase in the mineral matter. A fourth and fifth category were 
used for classifying Ca-, A1-, and Si-bearing particles as those with 
liquidus temperatures less than and more than 1550°C, respectively. 
Application of the above analysis to two western coals (Comanche and 
Rosebud) suggested markedly different fouling properties in utility 
boilers. Standard estimates of ash fouling behavior indicated that the 
Comanche coal should cause more fouling problems than the Rosebud coal. 
However, the Rosebud coal presented more problems with fouling in 
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practice. AIA results shoved that the Rosebud coal had a more variable 
ash composition from particle to particle that gave rise to molten ash 
particles within the boiler. In other words, AIA results demonstrated 
that the average mineral composition within individual coal particles was 
not similar to the average mineral composition for the whole coal, and 
therefore, led to the widely different fouling behaviors. 
The technique appears to be a fair application of AIA. For the 
study of slagging behavior, it is reasonable to consider only the 
minerals associated with coal particles, and Moza states that exposed 
mineral particles were not a significant fraction of the mineral matter 
for the two coals analyzed. However, in general, free and exposed 
mineral particles may be a significant fraction of the mineral matter in 
other coals. 
The technique was also not designed to provide detailed information 
on the size of the mineral particles or the identity and abundance of the 
various mineral phases. Such information is of more relevance to coal 
cleaning processes than the average elemental analysis of the coal 
particles. Therefore^ a different approach is necessary for the 
determination of coal mineralogy. 
AIA applications to coal mineral analysis Huggins and co-workers 
have provided a good application of image analysis to coal mineralogies. 
Work was performed using a combination of a Tracor Northern X-ray 
analyzer and a LeMont Scientific image analyzer to perform classification 
of mineral particles in coal on the basis of both size and mineral phase. 
The significant developments and the limitations of the work are 
discussed in the following paragraphs with certain AIA results reproduced 
as Appendix A. 
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Lee, Huggins, and Huffman (1978) described the fundamental approach 
of using AIA to studying coal. Basic principles of image analysis were 
discussed including the choice of backscattered electron imaging for 
mineral detection and image analysis hardware and software. Diameter 
analysis vas used for particle characterization; therefore, analyses were 
not able to yield very good measurements for complicated features. 
AIA results were presented for analysis of the major mineral forms in 
four bituminous coals (see Table A-1 of Appendix A) and compared with 
normative mineral analyses calculated from elemental analyses of the coal 
ash. Results were roughly comparable. Much uncertainty is inherent in 
the calculation of mineralogy from elemental analyses of the ash. 
Problems were inherent in the AIA mineralogical analysis since only 
the first 1000 mineral particles encountered were analyzed. The particle 
count was, therefore, dominated by small particles that constituted a 
relatively small proportion of the mass, and there was much uncertainty 
in the counts for the large particles. As Huggins et al. (1980) point 
out, the calculation of weight fraction from particle count also appears 
to have been in error. They make reference to the earlier work where the 
cube of the diameter was used to estimate a volume for each particle 
which was then weighted according to density and was used in the weight 
fraction calculations. Such a conversion is appropriate for analysis of 
particles mounted on the surface of a stub for SEM analysis, but not for 
analysis of particles embedded and cross-sectioned. For analyses of 
cross sections, the projected areas of the particles should be weighted 
by the density and used in the weight calculations. 
Huggins et al. (1980) corrected the errors in the earlier approach 
and used AIA to determine size and mineral distributions for three 
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additional coal samples. In this case, the analysis was partitioned with 
about 200 particles analyzed for each of five size categories. Results 
for the size categories were combined on the basis of the area analyzed 
to present results on a consistent basis. 
Two tests were run to determine the accuracy of AIA results. In 
the first test, pyrite and siderite were added to a Pittsburgh coal in 
known amounts and AIA was used to determine the pyrite and siderite 
content. Agreement between calculated and measured siderite analyses was 
reasonable, but AIA pyrite values exceeded pyrite values calculated from 
the additions by about 33%. In the second test in which no additional 
minerals were added, AIA results were compared to ASTM pyritic sulfur 
analyses and Mossbauer analyses of pyritic iron content for several 
coals. Those comparisons indicated similar overestimation of the pyrite 
content by AIA. The authors suggest that the error is due to the 
increased brightness of the pyrite compared to other minerals which 
causes either larger areas of pyrite grains to be measured or more small 
particles of pyrite to be detected. No fundamental data substantiating 
either of these reasons vere given. Huggins simply suggested that a 
correction factor of 75% be multiplied times the AIA pyrite content. 
AIA results were presented for the mineral distributions in three 
widely different coals to show the extent of variation in coal mineralogy 
and the capabilities of the AIA technique. The three coals were from the 
"B seam" in Colorado, the Pittsburgh seam in Pennsylvania, and an 
anthracite from Massachusetts. Results are presented as Table A-2 in 
Appendix A. Pyrite was measured to be 34% of the mineral matter in the 
Pittsburgh coal, while only a trace of pyrite was measured for the 
Colorado coal, thus illustrating the variability in mineralogy. An 
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estimate of working error was included for all mineral forms calculated 
from the particle count. The working error was taken as 3i/ïï/N, where N 
was the number of particles counted in a size-mineral class. The 
accuracy of a given determination is limited by (1) counting statistics, 
(2) errors in particle area measurement, and (3) by sampling 
uncertainties. In such an analysis, the standard deviation of the count, 
N, is v'bï. Thus, the term /W/N is the relative standard deviation for the 
counts. There is a parallel between the relative error of the counts and 
the relative error in the weight fraction. Therefore, they suggest 
taking 3/h/N as a measure of the relative error of the weight fraction. 
Their data in Table A-2 (Appendix A) are weight fractions expressed as 
percent of the mineral matter. For pyrite in the Pittsburgh sample they 
report a weight fraction of 34%±7%. The ±7% value is an absolute error 
determined as (3/N/N) * 34% in order to switch from a relative to an 
absolute basis. In their Table 2 (listed as Table A-2 in the Appendix), 
their footnote is incorrect. It should read "errors given represent 
(3/N/N) * mean". 
The errors reported correspond to about 20% relative to the mean 
(e.g., (7%/34%) * 100% = 20.6%) for even the largest weight fractions. 
Quartz was reported to be 30%±5% of the mineral matter for the Colorado 
coal and 32%±6% for the anthracite, and pyrite was reported to be 34%±7% 
for the Pittsburgh sample. The absolute error was less, but the relative 
error was higher for minerals present in lesser amounts. 
No size data were reported for these samples, but even if they had 
been, the uncertainty in the weight fractions of a particular size of 
mineral would have been more than twice as large since only one fifth of 
the particles, on the average, for any given mineral would be present in 
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a particular size class. For example, a pyrite count of 100 for all 
sizes would lead to a relative error of 30% (= 3/ioo/lOO * 100%). An 
even distribution of counts across 5 size classes would lead to a count 
of 20 features per class and to a relative error of 67% (= 3/20/20 * 
100%). 
The results do give an idea of the sort of mineralogical 
distribution that can be expected for coals. For all three samples 
analyzed, quartz was measured to account for 15-32% of the mineral 
matter. The clays, illite and kaolinite, were found to be major phases 
in two out of the three coals. Chlorite and montmorillonite were found 
in one coal each. Mixed silicates were found in all three coals as 
particles representing mixed phases that could not be more specifically 
classified. Pyrite was the dominant mineral in the Pittsburgh coal. 
Calcite and the carbonates siderite and ankerite were found at lesser 
levels in the samples. 
AIA was also applied to three pairs of raw and washed coals. 
Decreases in weight fraction were noted for most mineral phases expressed 
on a dry coal basis for all three coals. However, little decrease was 
noted in the kaolinite content for the same three coals. Huggins 
suggested this was due to a more intimate association of kaolinite with 
the coal rather than due to a smaller size distribution for kaolinite, 
since other minerals reportedly had similar size distributions. Data for 
these samples are presented as Table Â-3 in Appendix A. 
Huggins et al. (1982) further discuss the AIA methodology in 
conjunction with Mossbauer spectroscopy to determine the distribution of 
iron among the possible mineral phases in coal. AIA mineralogy data were 
presented for nine raw coal samples and are reproduced as Tables A-4 and 
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A-5 in Appendix A. Mineral distributions were similar to those already 
noted. A great degree of variability was noted among coals. Mossbauer 
spectroscopy was shown to be a complementary technique for the 
characterization of iron phases in coal and generally corroborated the 
AIA results. 
To summarize the work presented in this series of papers, AIA has 
been demonstrated as a means to characterize the mineral matter in coal. 
AIA results corrected for pyrite content were shown to be comparable to 
other measurements such as ASTM forms of sulfur analysis, normative 
mineral calculations, and Mossbauer spectroscopy. No further work was 
reported concerning the reason for the overestimation of pyritic sulfur; 
therefore, the topic is taken up in this thesis. Little size data were 
reported. What data were reported showed the distribution of frequency 
with size, which is of less value to coal preparation than the 
distribution of mass. Even so, it would appear that the analysis of only 
1000 mineral particles would be inadequate to yield reliable size 
distributions. The subject of counting statistics will also be addressed 
in this thesis. 
The limited amounts of size data which are presented, and the limits 
used in the size histograms indicate a significant lack of large 
particles. Lee et al. (1978) included plots of the frequency of pyrite 
particles as a function of particle size. The three coals were 
reportedly crushed to less than 150 ym in diameter, but no pyrite 
particles were indicated larger than 10 urn. Only 8 particles larger than 
5 ym were indicated out of 83 pyrite particles measured for an Illinois 6 
coal. Such data are inconsistent with findings which will be presented 
later in this thesis. Certainly such limited counts in the largest sizes 
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severely limits the accuracy and reproducibility of the analysis. A 
single particle 10 ym in diameter has 100 times the effect on the area 
distribution as does a particle 1 ym in diameter. 
Description of the AIA technique in Huggins et al. (1982) leads to 
further questions of the accuracy of analyses of large particles. A 
lover limit of 50 ym is used for the largest of the five size classes. 
Reference is made to grinding coal to 60 mesh before analysis, which 
permits a maximum particle size of 246 ym. The five-fold range of 
particle sizes from 50 to 246 ym seems excessively large. Either the 
size range should be reduced in order to spread out the mass distribution 
more uniformly across the size ranges, or else the prepared coals would 
seem unusual in not having a significant fraction of the mineral matter 
larger than 50 ym. No examples of mass distribution with size were 
contained in the later papers in order to make a suitable statement on 
this problem. 
The current work will seek to determine the reason for the 
overestimation of pyritic sulfur, to develop the statistics for 
reproducible size analyses, and to focus more attention on the size data 
for raw and processed coals to demonstrate the utility of AIA to coal 
preparation. 
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MATERIALS AND METHODS 
The following sections describe the coals and the methods used for 
this research. The first section describes the coal samples used for the 
analyses and the processes used for cleaning. The next major section 
describes the fundamentals of SEM-based automated image analysis, 
including the SEN signals used, particle location and sizing, chemical 
classification, and the statistics of AIA. The same points are 
covered again in the next section with regard to the specific methods 
used in this work. The last section provides detailed examples of the 
formats used for presentation for AIA results. 
Coals Selected for Analysis 
Two series of raw and cleaned coals were selected for 
characterization by automated image analysis. The first series of coals 
consisted of channel samples from four different seams located in 
midwestern and western coal fields. The coals were to be studied to 
determine the minimum ash content that was attainable using a heavy media 
bath to separate clean coal from mineral matter. The second series of 
coals was a pair of coals undergoing cleaning tests with the TRW 
'Gravimelt' molten caustic cleaning process. Samples of raw, 
intermediate and completely-processed coal were obtained from the 
process, and studied by AIA to determine mineral distributions at each 
step of processing. Thus, a total of six raw coals and seven processed 
coals were examined. 
The coals selected for the heavy media cleaning are listed in Table 
1. Channel samples of the coals were ground until approximately 80% of 
the sample would pass a 200 mesh (74 jjm) screen. The 200 mesh coal was 
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approximately the same size as coal introduced into pulverized coal 
boilers in the utility industry, and was, therefore, representative of 
the smallest particle size likely to be encountered in most cleaning 
processes. Since the extent of cleaning possible improves with a 
decrease in particle size, and since the coal was to be ground to 200 
mesh before combustion, cleaning tests were conducted on 200 mesh coal to 
determine the maximum cleaning possible. Further cleaning might have 
been attainable using even finer particle sizes, however, the cost of the 
additional grinding would have to be justified by the additional cleaning 
since the reduction in particle size would not be necessary for 
combustion. 
Table 1. ÂSTM analyses of raw and physically-cleaned coal samples. 
Results are presented on a dry coal basis, except for moisture 
which is presented on an as-received basis 
Illinois 6 Pittsburgh Adaville 11 Diets : 1&2 
Captain Mine 
Randolph Co. 
Percy, IL 
Churchville Pit 
Lewis Co. 
Churchville, WV 
Sorenson Mine 
Lincoln Co. 
Kemmerer, WY 
Decker 
Powder 
Decker 
#1 Mine 
River Co. 
, HT 
Raw Clean® Raw Clean®- Raw Clean" Raw Clean^ 
Moisture 16.90 1.95 1.97 1.12 22.15 11.29 19.82 11.96 
Ash 16.11 2.61 6.75 2.97 9.20 4.07 5.31 3.70 
Total S 5.10 2.54 3.17 1.82 0.86 0.71 0.56 0.40 
Pyritic S 2.37 0.22 1.35 0.03 0.03 0.01 0.02 0.02 
Sulfate S 0.36 0.04 0.41 0.12 0.03 0.01 0.02 0.01 
Organic S 2.36 2.27 1.42 1.67 0.81 0.70 0.51 0.36 
MM* 19.32 3.05 8.26 3.37 10.41 4.60 6.01 4.19 
^Clean coal is material floated at 1.30 specific gravity. 
^Clean coal is material floated at 1.40 specific gravity. 
^Clean coal is material floated at 1.38 specific gravity. 
= Mineral matter = (1.13 * Ash) + (0.47 * Pyr.S.) 
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The raw coal was cleaned in Certigrav, a commercially-available 
heavy liquid consisting of chlorinated hydrocarbons. The separation was 
carried out at a specific gravity of 1.30 for the Illinois No. 6 and 
Pittsburgh coals. The density was increased to 1.38 for the Dietz No. 1 
and 2 coal in order to recover an adequate sample of "clean" coal. A 
density of 1.40 was used with the Adaville coal for the same reason. The 
thrust was not to determine the optimum density for a cleaning process, 
but to determine the greatest level of cleaning possible using 200 mesh 
coal. 
The second series of samples was received from TRW Inc. following 
tests of the "Gravimelt" molten caustic cleaning process. Details of the 
Gravimelt cleaning process are reviewed in a paper by Wheelock and 
Markuszewski (1984). Only a brief description is included here. The 
coal was subjected to a molten bath of sodium hydroxide and potassium 
hydroxide at elevated temperatures to transform the minerals into forms 
that could be dissolved by sulfuric acid. After a period of time, the 
coal was removed and washed with water. The coal was then subjected to a 
wash with 10% sulfuric acid followed by two more water washes to 
yield the final clean coal product. 
Samples of Illinois No. 6 coal (14 mesh, <1168 um ) and Pittsburgh 
No. 8 coal (6 mesh, <3327 ym) were received from TRW Inc. following such 
processing. Samples of both raw coals and both completely-processed 
coals were received. In addition, a sample of the Pittsburgh No. 8 coal 
was received representing the coal at the intermediate stage of 
processing; that is, the coal had been subjected to the molten caustic 
bath and washed with water, but had not yet been washed with the sulfuric 
acid. Therefore, a substantial amount of caustic and altered minerals 
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were present in the sample. 
Results of ASTH analyses for the raw, intermediate, and cleaned 
coals are presented in Tables 2 and 3 from analyses performed by TRW and 
Ames Laboratory. 
Table 2. ÂSTM analyses of Illinois No. 6 coal treated by the TRW 
Gravimelt process. Values are reported as weight percent of 
dry coal, except for moisture 
RAW COAL TREATED COAL 
TRW Ames Lab TRW Ames Lab 
Results Results Results Results 
Moisture 15.81 1.84 — — 6.33 
Ash 9.97 9.23 0.51 0.53 
Total S 4.21 4.03 0.57 0.59 
Pyritic S 1.36 1.04 —— 0.02 
Sulfate S 0.05 0.09 0.21 
Organic S 2.80 2.90 0.35 
MM* 11.90 10.92 — — — — 0.61 
®MM = Mineral matter = (1.13 * Ash) + (0.47 * Pyr.S.). 
Table 3. ASTM analyses of Pittsburgh No. 8 coal treated by the TRW 
Gravimelt process. Values are reported as weight percent of 
dry coal, except for moisture 
RAW COAL INTERMEDIATE TREATED COAL 
TRW Ames Lab TRW Ames Lab TRW Ames Lab 
Moisture 6.46 0.89 3.27 2.98 2.55 1.25 
Ash 10.15 9.88 30.46 29.22 1.26 1.00 
Total S 4.28 4.22 0.43 0.32 0.75 0.86 
Pyritic S 2.20 1.78 0.02 0.01 
Sulfate S 0.02 0.20 0.06 0.26 
Organic S 2.06 2.24 0.24 0.59 
MM^ 12.50 12.00 33.03 — — —  —  1.13 
®MM = Mineral matter = (1.13 * Ash) + (0.47 * Pyr.S.). 
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General Background of Automated Image Analysis 
The following subsections describe, in general, several fundamental 
aspects of image analysis, including the SEM signals employed, particle 
location and sizing, chemical classification, and counting statistics. 
The next major section will describe the particular parameters of image 
analysis used for this study of coal character. 
SEM signals 
Many characteristic signals are produced from the interaction of an 
energetic beam of electrons with the sample in an electron microscope. 
The backscattered primary electron (BSE) signal and the characteristic X-
ray fluorescence signals were used for AIA particle characterization. 
The backscattered electron signal is very sensitive to the average 
atomic number of the substrate being examined. Areas of higher average 
atomic number appear brighter than areas of low average atomic number due 
to the dependence of electron scattering on atomic number. The 
backscattered electron signal is sensitive to surface topography, but 
less sensitive to surface features than is the secondary electron signal. 
For analysis of polished sections of coal, where there is no surface 
topography to give rise to signal variations, the intensity of the 
backscattered image is primarily controlled by the average atomic number 
of the substrate. Mineral particles stand out as considerably brighter 
than coal particles or the polymer mounting medium due to the large 
difference in average atomic number. It is, thus, very easy to locate 
the mineral particles on the basis of the BSE signal intensity. 
The characteristic X-ray signals that result from the electron beam 
of the SEM impinging on the sample are used to identify the mineral 
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phases. Regions-o£-interest are defined to include the characteristic X-
ray peaks of ten common elements found in minerals (Na, Mg, Al, Si, P, S, 
Cl, K, Ca, Fe) plus a number of minor elements. Only elements heavier 
than neon can be monitored using a conventional Si(Li), energy-dispersive 
X-ray detector. 
Particle location emd sizing 
The steps executed by a human operator in locating, sizing, and 
typing a mineral particle are emulated by an automated image analysis 
system. These steps are discussed in the following paragraphs. 
The first task necessary to automate image analysis is to register 
the scan of the SEM beam with the computer system. Two methods of image 
registration are used in AIA. The first method, used with scanning 
electron microscopes, is to direct the electron beam movement in the SEM 
from the computer using a digital scan generator. The use of a computer-
controlled scan permits the scan pattern to be tailored to the analysis 
requirements for dwell time and picture element (pixel) spacing. The 
second method uses high speed electronics to capture frames of the video 
image from TV-rate monitors or TV cameras. This method forces the SÈM to 
scan at a fixed rate and pixel spacing. 
The next tasks are particle detection and location. Detection is 
accomplished by a human operator using several characteristics of the 
video signal. Particles often differ from the substrate in the gross 
intensity of the video signal. Also, the human operator is able to make 
use of subtle variations in the brightness of the video image at particle 
edges to locate particle boundaries even if the particle and its 
surroundings have similar average intensities. 
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It is relatively simple to automate particle detection and location 
by using the gross variations in signal brightness to determine particle 
extents with a global threshold. In global thresholding, a value of 
brightness is set for the entire field of view and used to classify 
"bright" pixels as part of a mineral particle and "dark" pixels as 
belonging to coal or mounting medium. For samples where edge effects are 
the only means of locating particle boundaries, the effects are typically 
so subtle that sophisticated hardware and/or software is necessary to 
locate edges automatically. Therefore, global thresholding is employed 
in most AIÂ systems. 
The global thresholding procedure is limited to operating on images 
with a constant illumination across the field of view. Such illumination 
is not a significant problem when working with polished sections in a 
properly aligned SEH operating in the backscattered electron imaging 
mode. 
Particle sizing is an operation that seems much better done by a 
computer than by a human operator. A human operator is able to measure 
an image for particle parameters such as orientation and longest and 
shortest linear measurements fairly easily and quickly. With some 
tedium, it is also possible to measure particle area and perimeter. The 
computer is able to quickly analyze the set of contiguous pixels 
belonging to a particle to derive the above measurements plus many 
others. The entire scan is registered with the computer so that there is 
no loss in precision during the measurement process. The resolution of 
the AIA measurement is as precise as the pixel spacing. Up to 4096 
pixels can be defined across the field of view using 12-bit digital-to-
analog converters in the scan generator. Resolution is effectively 
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limited by the capabilities of the SEN (approximately 10 nm for secondary 
electron imaging). 
AIA is able to quickly determine maximum and minimum projected 
lengths by taking projections of a particle from many angles. The area 
of a particle is easily derived from the number of pixels constituting a 
feature multiplied by an appropriate scale factor. Perimeter 
measurements are derived by considering the pixels on the edge of the 
particle. The computer is also well-suited for combining the above basic 
measurements at analysis time to produce a great number of derived 
measurements. The AIA system is able to compile the data at collection 
time for thousands of particles, minimizing the need for later 
compilation. 
Although the above measurements are easily conceived in theory, 
specialized algorithms are necessary, in practice, to perform the 
analysis. Due to signal noise and slow detector response in the SEM, it 
is necessary to slow down the scan rate of the SEM beam and to filter out 
the noise. It is also helpful to adjust the scan density to rapidly scan 
over areas devoid of particles and to scan particles at a higher density. 
Image analysis software 
The algorithms used in this research are commercial programs 
supplied by LeMont Scientific with their image analyzer. The programs 
are discussed here to present a more complete overview of automated image 
analysis. 
Several algorithms have been designed in order to extract relevant 
particle parameters from an SEM image. The algorithms vary according to 
the complexity of the features being characterized, the speed of the 
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analysis and the flexibility of beam control available. Three such 
programs are discussed in the following paragraphs. 
Diameter analysis The first and fastest algorithm is entitled 
"Diameter" analysis and is illustrated in Figure 1. Diameter analysis 
uses a coarse "off-point" pixel spacing to locate particles. Pixels are 
spaced at the maximum distance that can still detect all particles. For 
example, a sample with a minimum feature dimension of 2 wm should be 
scanned at a pixel spacing of no more than 2 ym. This will ensure that 
at least one pixel in the coarse searching pattern will fall on the 
particle with an intensity above the preset threshold, thus signalling 
the presence of a particle to the computer. At a magnification of 300 
diameters with a 10 cm SEN screen, a so-called off-point density of 167 
across the 333 ym field of view will result in a pixel spacing of 2 ym. 
The field can be very rapidly scanned at this point density to locate 
particles. Analysis time is not wasted searching for particles in areas 
where there are none. 
Following particle detection the software switches to a higher "on-
point" density to characterize the particle. The on-point density is 
chosen to provide the necessary degree of resolution for the particular 
analysis. For a required precision of ±0.5 ym, an on-point density of 
667 should be specified corresponding to a pixel spacing of 0.5 ym. Such 
a spacing would place 4 on-points across the minimum feature dimension of 
2 ym yielding a precision of ±25% for the smallest measurements. 
Successive horizontal and vertical chords are constructed across the 
particle to locate the center of the particle. Successive chords are 
constructed beginning at the midpoint of the previous chord until the 
midpoint of the chords settles down to a fixed location. Only three such 
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*  *  *  *  *  *  *  *  *  *  *  
* * * * * * * * * * *  
// 
* = search pattern 
• = characterization pattern 
Figure 1. Schematic illustration of diameter construction. Lines 1 
through 6 represent the successive chords that are constructed 
to locate the center of the particle. Diameters are then 
constructed from the intersection of chords 5 and 6 to the 
edge of the particle 
chords are theoretically necessary to locate the center of a perfect 
circle. Figure 1 illustrates this process of locating the center of a 
feature. Folloving location of the center, 'diameters' are constructed 
across the particle at 45° or optionally 22.5® intervals (also shown in 
Figure 1). The longest and shortest measurements are taken as particle 
length and width, respectively. The orientation of the longest diameter 
is taken to be the orientation of the particle. The area and perimeter 
of the polygon formed by connecting the ends of the diameters are taken 
to be those of the particle. 
Diameter analysis requires relatively little computing power and is 
a very fast method for analyzing simple particles, (i.e., smooth, convex 
particles with length-to-width ratios less than three). The approach 
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breaks down when trying to measure elongated or convoluted particles, or 
particles with rough surfaces. 
Gridameter analysis A second approach, entitled "Gridameter" 
analysis, was developed to handle more complicated features without 
sacrificing all the increase in speed gained from the variable pixel 
density analysis. Particles are located as in Diameter analysis. The 
grid approach then uses a square grid to determine the particle extents 
as illustrated in Figure 2. Grid lines are constructed of closely-spaced 
pixels and are laid out at a user-defined spacing across the particle in 
the horizontal and vertical directions. Pixel and grid line spacing are 
selected to provide the required degree of resolution. A minimum of 4 
pixels should be located across the minimum feature dimension. The grid 
line spacing should be set to result in at least two grid lines cutting 
across the smallest dimension. The software is able to dynamically 
select the point spacings to match particle dimensions following a quick 
diameter measurement of the particle. 
The software is written to construct the grid across the entire 
sample» The grid is constructed around corners and down into branches of 
the particle. The approach provides a very good representation of the 
true particle outline. 
Particle perimeter is calculated from the known particle perimeter 
points. Particle area is easily calculated by applying scaling factors 
to the number of interior pixels or by using a line integral around the 
perimeter. Length and width measurements may be taken as projected 
length and width values, and are readily available once the perimeter 
points are known, or they may be calculated as rectangular equivalent 
values from the area and perimeter. Particle orientation is taken as 
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* * * * * * * * * * *  
* * * * * * * * * * *  
* = search pattern 
• = characterization pattern 
Figure 2. Schematic illustration of grid construction. A square grid is 
constructed across the particle following location of the 
feature by the coarse "off-point" search pattern 
the orientation of the longest projection. 
The Gridameter algorithm is well-adapted to handling complicated 
particles compared to the diameter approach. The Gridameter program does 
require much more computer memory to operate in and it is slower than 
diameter analysis since an extensive gridvork may be needed. Particles 
can also be found of such complicated shape that more memory is required 
to keep track of the gridwork than is available in the computer. 
However, such particles are rare, and the algorithm performs quite well. 
Linescan analysis A third approach, entitled "Linescan" 
analysis, is employed in the LeMont and other image analyzers to perform 
analyses by examining every pixel of a field of view. This process is 
illustrated in Figure 3. 
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Figure 3. Schematic illustration of Linescan analysis. Please note the 
regular spacing of points throughout the scan as opposed to 
different on- and off-point spacings. Successive horizontal 
scans are made in a single vertical pass through the image 
A single pixel spacing is specified for the analysis. The frame is 
scanned at that constant spacing regardless of whether data is being 
gathered for particle or background. Such an approach is feasible when 
analyzing lov-noise images that may be collected quickly or when 
analyzing stored images. Therefore, this approach is adaptable to work 
with video-taped or otherwise stored images. The approach is the same as 
that used with image analyzers interfaced to imaging devices that are 
restricted to a single scanning rate and/or pattern and have no provision 
for variable pixel spacing. 
The Linescan analysis routine works by scanning successive 
horizontal lines of the frame and storing data for contiguous segments of 
pixels (i.e., chords) from the signal level of interest. The chords are 
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combined in computer memory with overlapping chords in adjacent lines to 
reconstruct the particles. Extensive software checks and memory storage 
are needed to keep track of the many particles that may be under 
reconstruction at any point in the vertical scan. 
Theoretically, Linescan analysis can handle any complexity of 
particle with only a single pass through the field of view. The only 
restrictions are the available memory and the sophistication of the 
software for reconstructing the particles. The routine is somewhat 
slower than Gridameter analysis for moderately complex particles since 
all pixels are analyzed. The routine is comparable, and sometimes faster 
than the Gridameter analysis for very complicated particles. Linescan 
analysis can also suffer from 'noisy' particle outlines if particle edges 
are not sharply defined. Particle measurements are derived from Linescan 
analysis in the same way as from grid analyses since the complete 
particle extents aire known. 
Summary of software The Linescan program was faster than the 
Gridameter program in the initial stages of analysis using an Interdata 
computer; Therefore, the Linescan program was applied to the analysis of 
all samples with the exception of the two Adaville samples. When a 
faster computer system became available, the speed advantage of the 
Linescan program with respect to the Gridameter program was diminished. 
The Gridameter program was thus used to analyze the pair of Adaville 
samples. The two programs provide functionally identical measurements 
and are adequate for coal mineral analysis. 
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Chemical classification - theory 
Following physical characterization, the identity of a mineral phase 
is determined on the basis of the relative intensity of the peaks in the 
X-ray spectrum. The same classification process can be used independent 
of the shape characterization algorithm. The electron beam is typically 
directed to the center of a particle and an energy-dispersive X-ray 
spectrum is collected over the energy range from 0.9 to 20.0 KeV. 
Regions-of-interest are defined to measure the characteristic X-ray 
intensities of mineral forming elements and the intensity of the 
continuum background radiation. Measured intensities of the elemental 
lines and of the background radiation are returned to the AIA control 
computer to be processed together with size and shape data. 
Host mineral phases are adequately described by defining the 
allowable relative intensities of the elemental X-ray emissions. 
Physical specifications may also be used to distinguish chemically-
similar particles on the basis of different crystalline structure or 
occurrence, such as differentiating pyrite particles by whether they are 
discrete single crystals, or crystalline aggregates (i.e., framboids), or 
vein fillings. 
The chemical classification of the particles permits a density to be 
attached to each chemical phase in order to convert from an area analysis 
to a mass analysis. The area analysis is taken as equivalent to the 
volume fraction (i.e., assuming an isotropic sample). The area for each 
size-mineral category is multiplied by the associated density for that 
category. This provides a measure of the mass as mass per unit of 
thickness. This mass measurement is then normalized to a total of 100% 
and presented as the mass fraction. 
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AIA hardware 
The components of the image analyzer used ^ o accomplish the above 
steps are shown schematically in Figure 4. The hardware generally 
consists of a dedicated computer with terminals and magnetic disk 
storage, two digital-to-analog converters for beam control in the X and Y 
directions, an analog-to-digital converter for relaying the video 
intensity to the computer, amplifiers for shaping the video signal, 
cathode ray tubes for observing the image and threshold setting, and 
serial data interfaces to the X-ray analyzers. Hardware can include an 
optional joystick for locating features or a motorized stage control for 
analyzing multiple fields in the SEH. 
CRT's 
Magnetic 
Disk 
Serial data 
interface 
Scanning 
Electron 
Microscope 
Energy-dispersive 
X-ray analyzer 
Operator's 
Console 
Line 
Printer 
Parallel data 
interface 
Amplifiers 
D/A and A/D 
converters 
AIA 
Control 
Computer 
Figure 4. Functional relationship of components in an AIA system. 
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Particle counting statistics 
The strength of automated image analysis lies in the ability to 
collect detailed physical and chemical measurements for a statistically 
significant number of particles in a reasonable amount of time. The 
following sections address the problem of designing the AIA measurements 
to gather reproducible data in a minimal amount of time. The first 
sections discuss a formula suggested by Kelly, Lee and Lentz (1980) for 
calculating the minimum area necessary for image analysis to insure that 
no single particle accounts for a disproportionate amount of the mineral 
distribution. The reasoning behind the equation is explained, and the 
corresponding confidence limits that arise from its use are calculated. 
In succeeding sections, the approach is extended to calculate the 
necessary particle counts and minimum area to produce results in accord 
with predetermined confidence levels. These calculations are developed 
first for analyses of mineral matter classified by phase only, and then 
for mineral matter classified by phase and size. 
Original su^^estion for minimum area The equation suggested by 
Kelly and co-workers is reproduced here as equation 1. 
Amln - N * D^/C (1) 
where is the minimum sample area for analysis (includes mounting 
media, coal, and mineral matter), N is a factor expressing the ratio of 
the total particle area analyzed to the area of the largest single 
particle (Kelly used a value of 100), D is the diameter of the largest 
particle anticipated, and C is the fractional coverage of the analysis 
area by the phase or phases being analyzed (i.e., fraction of the raster 
area represented by the mineral matter phases of interest). is used 
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to estimate the area of the largest particle instead of nD^/4, since the 
equation is intended to provide a conservative estimate of the minimum 
area for analysis. For example, analysis of a 200x0 mesh coal (maximum 
particle size of 74 Mm) with mineral particles occupying 5% of the sample 
surface would result in a calculated minimum area of 10.95 mm^ to limit 
the effect of a single 74 pm mineral particle to 1% of the total area of 
mineral particles analyzed. 
= 100 * (0.074 mm)2/0.05 = 10.95 mm^. 
Calculation of error estimates from minimum area The above 
equation offers a quick means for calculating a minimum area to insure 
that the bulk analysis is reproducible within certain limits measured by 
the impact of an individual particle. However, no limits of error were 
placed on the mineral distribution results. The following paragraphs 
describe calculation of corresponding error estimates. 
The distribution of particle counts among the categories of an image 
analysis follows a multinomial distribution (Snedecor and Cochran, 1980). 
As such, the variance of the proportion, p^, of the number of particles 
in any category out of the total number of particles in all categories, 
N, is given by equation (2). 
Var(pj) = Pi*(l-Pi)/N (2) 
where Var(pj^) is the variance in the proportion of the particles in any 
category. Since the proportion, pj, is small for most categories in most 
analyses (e.g., consider that pj^ = 0.04 for 25 categories), the 
variance may be conservatively estimated.by setting the (l-p^) term to 
unity. 
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Var(p^) = pj/N (3) 
The proportion of the counts in any given category, pj, is the count, Xj, 
in that category divided by the total counts, N. Making that 
substitution leads to the following expression. 
Var(Pi) = (xi/N)/N = x^/N^ (4) 
The standard deviation is calculated as the square root of the variance. 
SD(Pi) = (Pi/N)0'5 _ (x.0-5)/N (5) 
Multiplying the above expression for the standard deviation in p^ by the 
total particle count N results in the estimate of the standard deviation 
for the number of particles, xj, counted for the category instead of the 
proportion. The resulting equation is similar to the calculated standard 
deviation for the Poisson distribution which is exactly equal to the 
square root of the count (Snedecor and Cochran, pp. 130-134). 
SD(Xi) = x^O-S (6) 
The relative standard deviation of the proportion (i.e., the 
standard deviation relative to the value p^) is obtained by dividing 
equation 5 by the proportion, pj = x^/N. 
Rel. SD(Pi) = SD(Pi)/Mean(pi) (7) 
= [(XiO'5)/N]/(Xi/N) 
= l/(Xi0'5) 
The relative standard deviation is thus estimated as one over the square 
root of the counts for that class. 
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Similarly, the relative standard deviation of the count for a 
category is obtained by dividing equation 6 by the count. 
Rel. SD(Xi) = [(Xi)0'5]/Xi (8) 
= l/(Xi0'5) 
The relative standard deviation of the proportion is equal to the 
relative standard deviation for the count in a particular category for a 
fixed number of total counts. The relative standard deviation in the 
proportion will also be used to estimate the relative standard deviation 
of other measurements, such as the weight fraction, v^, so far as those 
measurements are proportional to the counts in the category. 
Rel. SD(pi) = Rel. SD(x^) = l/Cx^O-S) (9) 
ss Rel. SD(Wj) 
Indeed, the weight fraction in a particular category is roughly 
proportional to the count. However, the weight fraction is also subject 
to the random variation of the sizes of the particles within the category 
and to ssrspling variations which do not lend themselves to simple 
analysis. Therefore, the relative standard deviation calculated from the 
count is only a partial estimate of the relative standard deviation in 
the weight fraction. Still, the relative standard deviation calculated 
from the count will be used in this study as a working estimate of the 
relative standard deviation in the weight fraction. 
The standard deviation for the weight fractions is calculated by 
multiplying the relative standard deviation (i.e., standard deviation 
relative to the mean) by the mean value of the weight fraction (i.e., the. 
observed value). To avoid confusion in the following sections, the term 
48 
'absolute standard deviation' will be used to refer to the standard 
deviation as typically calculated with the same units as the mean, to 
differentiate it from the terra 'relative standard deviation' which will 
be used to refer to the standard deviation relative to the meem. 
SD(Wi) = Rel. SD(Wi) * wj (10) 
= Rel. SD(pj) * w^ 
= [l/(Xi0'5)] * Wi 
Since the weight fraction of a phase is proportional to the count 
for a fixed total number of counts, the standard deviation of the weight 
fraction is proportional to the count as shown in equation 11. 
SD(Wi) = [l/(XiO"5)] * Wi (11) 
= Il/(Xi°-5)] * (Xi * ûj) 
= x^O-S * 
where is the average weight fraction per particle for the i-th 
category. 
It can thus be seen from equation 9 that the relative standard 
deviation varies with the particle count for a category as l/(Xj^®*^). It 
can be seen from equation 11 that the absolute standard deviation varies 
with the weight fraction in a category as since the average weight 
per particle is relatively constant for particles within the same 
category for a fixed total number of particles. The absolute standard 
deviation also varies with the overall particle count, N, as 1/(N®*^), 
since the count, x^, is proportional to N. 
A confidence interval may be calculated from the absolute standard 
deviation in the standard manner of multiplying a factor times the 
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standard deviation. For a normally-distributed random variable, a 95% 
confidence band may be constructed about the mean value at plus and minus 
twice the standard deviation. Since the relative standard deviation in 
the weight fraction is larger than the relative standard deviation 
calculated from the count, the confidence interval calculated as twice 
the relative standard deviation will be at less than 95% confidence. The 
exact confidence remains to be determined from a more rigorous 
statistical analysis. The use of bands of plus or minus twice the 
standard deviation in this dissertation are best considered to be 
estimates of a working error, rather than the possible range of values at 
the 95% confidence level. 
The preceding equations may be applied to the results of an analysis 
conducted according to equation 1, to calculate the standard deviation in 
results. After analyzing the minimum area calculated from equation 1, 
each large particle would account for about 1% of the mineral matter. 
Assume, for purposes of discussion, that all particles are of a single 
diameter, D, equal to the value used for equation 1 (for the actual case 
where particles are distributed among the size ranges, many more 
particles would be analyzed and the results of the following analysis 
will be a conservative estimate of the standard deviation). Then, a 
category containing 20% of the mineral matter would contain 20 particles 
at 1% of the mineral matter per particle. Calculating the standard 
deviation according to- the above equations leads to a relative standard 
deviation of 22.4% (= 1 / (20)®*^ * 100%) and an absolute standard 
deviation of 4.5% (= 22.4% * 20% weight percent). 
A confidence interval may be calculated as twice the standard 
deviation in either direction from the observed value. For this example, 
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the true mineral content would be expected to lie within the range 
20%±S.9%. That corresponds to relative limits of ±44.7% 
(=(8.9/20)*100%). Such a wide range of possible values would be 
unacceptably large, and would limit evaluations of differences in mineral 
distributions to those that are significantly larger than 44.7% relative 
to the weight fractions for minerals comprising 20% of the mineral 
matter. However, such wide intervals are the result of using equation 1 
just as written by Kelly to determine the area for analysis. 
Designing for prescribed error limits Smaller limits can be 
achieved by choosing a new value of N, larger than 100, to use in 
equation 1. To choose such a factor, the operator must first determine 
the acceptable level of precision for the analysis. The choice of em 
acceptable level of precision is somewhat arbitrary. The investigator 
must determine the degree of sensitivity required for the analysis to 
identify differences in the mineral matter distribution among minerals in 
the same coal, or between the mineral levels in different coals, or 
between mineral levels in raw and processed samples. 
Since the relative and absolute standard deviations vary across the 
range of weight fractions, it becomes expedient to select some values of 
acceptable relative and absolute standard deviations that can be used as 
conservative estimates of the standard deviation across the range of 
weight fractions. These estimates will also be used to determine the 
factor, N, for equation 1. 
Since the absolute standard deviation increases with the weight 
fraction, a weight fraction, w^, may be selected as an upper limit, below 
which the absolute standard deviation at w^ may be used as a conservative 
estimate of the standard deviation calculated from the count. Similarly, 
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since the relative standard deviation decreases with increasing weight 
fraction, the same value of weight fraction, w^, may be used as a lower 
limit, above which the relative standard deviation in w^ may be used as a 
conservative estimate of the relative standard deviation calculated from 
the count. At the weight fraction, WQ, the relative standard deviation 
and absolute standard deviation are chosen to be equal to those values 
calculated directly from the count. 
The choices of w^ as the point for the switchover in the mode of 
estimating the standard deviation and the acceptable standard deviation 
are arbitrary subject to the sensitivity requirements for the analysis. 
Only two of the three values, w^, the relative standard deviation, and 
the absolute standard deviation, can be independently chosen. 
Specification of two values implies the other. 
For example, the choice of a value of 10% for the relative standard 
deviation and a value of 1.5% for the absolute standard deviation 
requires that a weight fraction of 15% be used as the switchover point in 
the mode of calculation. Below a weight fraction of 15%, an absolute 
standard deviation of 1.5% is a conservative estimate of the standard 
deviation calculated from the count. For weight fractions larger than 
15%, a relative standard deviation of 10% times the weight fraction 
yields a conservative estimate of the standard deviation. At the weight 
fraction, WQ, used for the switchover point, the standard deviation 
should also be set equal to the standard deviation calculated directly 
from the count. From equation 9, a relative standard deviation of 10% 
corresponds to a count of 100 particles. 
Rel. SD = l/countO'5 = (1/100®*^) * 100% = 10% 
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Therefore, each particle accounts for approximately 15%/100 = 0.15% of 
the mineral matter. 
That the above approach results in a conservative estimate of the 
standard deviation calculated directly from the particle count may be 
shown by the following two examples. For the same total particle count, 
a count of 200 particles in a category would be equivalent to 30% of the 
mineral matter (i.e., 30% = 200 particles * 0.15% per particle). Since 
the weight fraction is larger than 15%, the standard deviation would be 
estimated as the weight fraction times a relative standard deviation of 
10% so that standard deviation = 30% * 10% = 3%. The standard deviation 
calculated directly from the count would be 30%/200®*^ = 2.1%. The 
estimate 3.0% for the standard deviation is indeed conservative. 
A count of 64 particles would be equivalent to 9.6% of the mineral 
matter which is less than the 15% switchover point. Therefore, an 
absolute standard deviation of 1.5% would be prescribed as a conservative 
estimate. The standard deviation calculated directly from the count 
would be 9.6%/64®*^ = 1.2%. The estimate of 1.5% for the standard 
deviation is indeed conservative. 
The total particle count necessary for the analysis is calculated as 
the count, XQ, corresponding to a weight fraction of w^, divided by the 
weight fraction, w^. 
Total particle count = (count, x„, oorre|gondxnff^to^welBht fraction, 
« * 100% = 667 total particles 
The count of 667 is the correct value to use for N in equation 1. 
Using the previous example of 200x0 mesh particles at 5% coverage, the 
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minimum analysis area to achieve standard deviations of no more than 1.5% 
absolute or 10% relative for weight fractions smaller and larger than 
15%, respectively, is 73.0 mm^, which is 6.67 times the area calculated 
earlier from equation 1. 
Minimum area for reproducible size analyses The above analysis 
has not incorporated any assumptions that prevent its extension to the 
consideration of providing estimates of reproducibility for size 
analyses. The analysis may be repeated for classifying the mineral 
matter into not only mineral classes, but into both mineral and size 
classes, by using smaller values of w^ to increase the sensitivity for 
the lower weight fractions encountered. 
The switchover weight fraction, w^, may be first specified as the 
weight fraction in a category if all the mineral matter was evenly 
distributed among the possible categories. For example, four minerals 
pyrite, kaolinite, illite, and quartz commonly account for the bulk of 
the mineral matter in coal, and the current AIÀ software breaks each 
mineral category down into six size classes; therefore, an even 
distribution of four minerals among six size fractions would lead to each 
of 24 categories containing 4.2% of the mineral matter. This value could 
be used as the switchover weight fraction in succeeding calculations. 
WQ = 100% / (number of significant categories) (12) 
= 100% / (number of significant minerals) / (number of size classes) 
The value specified for the acceptable relative standard deviation 
is dependent on the requirements for sensitivity in the analysis. A 
value of 10% is suggested as adequate for many applications since it 
would permit detection of differences in weight fraction of approximately 
54 
28%, relative to the values (i.e., the uncertainty in the difference of 
two categories is estimated as the root of the sum of the squared 
uncertainties in the individual measurements, where the uncertainty in 
each individual measurement is about twice the standard deviation), so 
that the minimum significant difference would be given by the expression 
below. 
Minimum significant difference 
= (2 * (2 * Rel. SD)2)0.5 (13) 
= (2 * (2 * 10%)2)0'5 = 28.3% relative 
The minimum count, x^, to attain that standard deviation at the 
weight fraction, w^, is calculated by rearranging equation 9 to produce 
equation 14. 
XQ = l/(Rel. SD)2 (14) 
= 1/(10%/100%)2 = 100 counts 
Since the value of x^ = 100 counts corresponds to a weight fraction 
of VQ = 4:2% in this example, the total number of counts for 100 percent 
of the mineral matter may be calculated by dividing XQ by w^. 
Total counts = N = Xg / Wg (15) 
= 100 / (4.2%/100%) = 2400 counts 
The total number of counts, N, from the above equation is the same value 
of N to be used for calculating the minimum area from equation 1. The 
value of 2400 calculated for N in this example requires that 24 times 
more sample area be analyzed to arrive at the desired level of confidence 
for the size distribution, than the area prescribed by using equation 1 
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with a factor of 100 as done by Kelly and co-workers. 
Partitioned analyses 
Because the area contribution of the smaller mineral particles is 
considerably smaller than the largest mineral particles for a given 
weight fraction, correspondingly less area needs to be analyzed for 
smaller particle sizes to achieve the same precision. Analysis of the 
full sample area for all size ranges would waste much time obtaining data 
for small particles that are already well-characterized. It is desirable 
and feasible to analyze different amounts of sample for different ranges 
of particle size and to later merge the results into a single 
mineralogical analysis. Huggins, Huffman, and Lee (1982) described such 
a technique to merge analyses of a sample at different magnifications in 
order to collect an adequate number of particles across the entire size 
range. A prescribed number of particles was analyzed in each of the 
several size ranges and the results were converted to a common area base 
to merge the analyses together. The present AIA research employed the 
same method. An example of the merging process will be presented below 
for a sample of a single phase with three size ranges. 
In addition to avoiding needless analyses of multitudes of small 
particles, such a partitioning also allows AIA and SEM parameters such as 
magnification and point density to be tailored to the particular size 
range being examined. Equation 1 may be used to calculate the minimum 
analysis area needed for each size range. The same value of N = 2400 
should be used to estimate the minimum analysis area for the smaller 
particles. The minimum area should be calculated using the maximum 
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diameter of the smaller range of particles and the fractional coverage of 
all mineral sizes and types on the sample surface. Analysis of that area 
will guarantee that no single particle in the corrected results will 
account for more than 1/2400 of the total mineral matter. This process 
is illustrated in the following example. 
Consider a sample of particles with a single chemical phase and 
three discrete sizes to be classified into three size categories. Let 
the particles be 1, 10 and 100 units in diameter, and cover 20%, 30% and 
10% of the sample surface, respectively, for a total coverage of 60%. 
One third or 33% of the particle area would be from particles 1 unit in 
diameter, 50% of the particle area would be from particles 10 units in 
diameter, and 16.7% of the particle area would be from particles 100 
units in diameter. Consider that a relative standard deviation of 10% 
would be satisfactory for each category with particles evenly distributed 
among the three categories (i.e., 33% per category). Such a relative 
standard deviation would lead to a absolute standard deviation of 3.3%. 
Such limits would require that 100 particles be analyzed for each 33% of 
the mineral matter, and the factor, N, to be used in equation 1 would be 
300. 
Minimum analysis areas may be calculated for each size range using 
equation 1 with N = 300. 
2 
^'^^^min-lOO = = 5,000,000 square units 
Arsamin-lO = ^^^oTsO^^^ = 50,000 square units 
2 
Areamin-l = ^^VeO^^ ^^O square units 
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Note that the only factor affecting the minimum analysis area is the 
diameter of the largest particle in that size range and not the areal 
coverage of that size range. 
The number of particles that would actually be analyzed may be 
calculated by multiplying the analysis area by the actual coverage of 
that size particle and dividing by the individual particle area, which is 
approximated by the diameter squared. 
Analysis Area * coverage 
size Diameter^ 
Countioo =5.000^0004^=50 
(100)^ 
count.. = 50,000 * 0.30 = 150 
(10)^ 
Count. = 500 * 0.20 ^ igg 
1 (1)^ 
The results of the analysis are summarized in Table 4. It should be 
noted that the analysis as planned results in the proper weighting for 
each particle analyzed, even though the area fractions are not uniformly 
distributed and even though the particles differ widely in size. The 
desired precision was achieved for the analysis. 
Analysis parameters 
Selection of size classes The size class limits for an analysis 
are ideally defined as a geometric progression covering the entire size 
range (lower limit - upper limit) being analyzed for the sample. The 
ratio of successive class boundaries is calculated as r = (upper 
limit/lower limit)^^", where n is the number of size classes in the 
analysis. The upper size limit, for the i-th size class is 
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Table 4. Example of analysis area partitioned by particle size 
Particle Size 1 10 100 Total 
Area-min 500 50,000 5,000,000 5,000,000 
Area Coverage 20% 30% 10%. 60% 
Area Fraction 33% 50% 17% 100% 
Number of Particles 100 150 50 300 
Area frac./part. 0.33% 0.33% 0.33% 0.33% 
Relative std. dev.* 10.0% 8.2% 14.1% 
Absolute std. dev.° 3.3% 4.1% 2.4% 
^Calculated as 1/count®*^ from equation 9. 
^Calculated as (weight fraction)/(count^*^) from equation 10. 
calculated as = lower limit * r^, where the lower limit is also the 
lower size limit to the first size class. 
For the analysis of the coals in this study, a lower limit of 2 ym 
was selected for this study to reflect the resolution limits in the X-ray 
signals. The upper size limit was initially chosen as the maximum 
particle size, and six size classes were used. Slight changes were made 
in the calculated class limits to accommodate other considerations such 
as the smaller maximum mineral particle size in the cleaned coals 
relative to the raw coals. 
For the series of 200 mesh coals (maximum particle diameter = 74 
um), an upper size limit of 64 ym was used to reflect the different 
maximum sizes in the raw and cleaned coals. The ratio in size limits on 
the classes was calculated as 1.78 (= (64/2)^''^), and the size limits 
were calculated as 2, 3.6, 6.3, 11.3, 20.2, 35.9, and 64 ym. The limits 
were adjusted to whole numbers and the final size classes were then 2-4, 
4-7, 7-12, 12-21, 21-36, and >36 ym. The sixth size range was defined to 
be one-sided to include any particles that might be measured larger than 
64 ym. A size discriminator was used at the lower size limit of 2 ym, so 
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that even though the size class is identified in the tables and plots as 
<4 ym, it only contains particles larger than 2 ym. 
The same procedure was used to calculate the size limits for the 14 
mesh (1168 ym) and 6 mesh (3327 ym) coals subjected to chemical cleaning. 
The lover size limit vas again specified as 2 ym, and the upper size 
limit vas specified as 2000 ym. The size ratio of successive limits vas 
calculated as 3.16 (= (2000/2)^^^), and the size limits were calculated 
as 2, 6.3, 20, 63, 200, 632, and 2000 ym. No adjustments vere made to 
the limits so that the final size classes vere 2-6.3, 6.3-20, 20-63, 63-
200, 200-632 and >632 ym. 
Analyses vere subdivided into three analyses of tvo size ranges each 
at different magnifications for each analysis, and the results vere 
merged to yield the overall sample results. Tvo size ranges (e.g., 2-6.3 
and 6.3-20 ym) vere contained vithin each of the three groups. Use of 
three groups instead of six (i.e., one for each size class) resulted in 
some extra particles being collected for the smaller of the tvo size 
ranges in each division, but the effect in sloving the analysis vas not 
so severe for the 200 mesh samples to warrant the additional groups. 
Size groups for the 200 mesh coal vere set at 2-7 ym, 7-21 ym, and >21 
ym. Therefore, each subdivision included a factor of three diameter 
range (e.g., 7-21). The largest particle size in the division (e.g., 21 
ym) vas used in equation 1 to determine the area for analysis. This 
resulted in 3 times the minimum area being analyzed for the smaller of 
the tvo size ranges (e.g., 7-12 ym), since the area of the largest 
particle in the larger size range is three times the area of the largest 
particle in the smaller size range (e.g., (21^)/(12^) = 3.0). For 
coarser samples, there vould be a larger ratio between successive size 
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ranges and it would become increasingly more efficient to analyze each of 
the size ranges separately. 
Such em approach was not followed rigorously in collecting all of 
the data reported in this thesis; however, this detailed procedure is 
recommended for analyses based on experience that has been gained in this 
work from applying AIA procedures to coal mineral matter characteriza­
tion. The method of subdivision of analyses was applied; however, in 
most instances the analysis area was not the full minimum area as would 
be specified through the use of equation 1. Analyses were conducted 
until several hundred particles were collected in each size group. 
Selection of frame size Once the minimum analytical area has 
been determined for each size range, that area should be divided among 
some minimum number of frames (e.g., 50). Multiple frames should be 
analyzed to to ensure a random sampling of the sample surface and to 
minimize the impact of analyzing a few regions containing a concentrated 
number of small particles. In other words, for the case where the 
mineral distribution is not homogeneous on the scale of the frame size, 
the multiple frames serve to average the heterogeneity over the multiple 
frames analyzed. The standard deviation in the mean of the number of 
particles per frame will decrease with an increase in the square root of 
the number of frames analyzed; therefore, multiple frames are desirable 
to smooth out random variations. 
The area per frame also has to be selected to facilitate image 
analysis for the size range being examined. The magnification should be 
set to the lowest possible setting consistent with providing for some 
minimum number of frames to ensure a representative sampling, and for 
providing adequate resolution. For example, use of a magnification of 
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300 diameters with a 10 cm SEM screen and with an on-point density of 
1024 points per line will permit features to be analyzed with a precision 
of ±0.3 um. Magnifications of 300, 100 and 50 diameters were used in 
this study to collect data on the three size ranges. To accumulate 
several hundred particles for a size class, 50-500 frames were required 
at each magnification, thereby satisfying the multiple frame requirement. 
Area correction factor Following collection of particle data for 
all size ranges, the mineral matter distribution needs to be corrected 
mathematically to present all data as analyzed over a consistent area, 
following the same procedure as described by Huggins et al. (1982). 
Table 5 presents actual data from a sample of raw Adaville coal in order 
to illustrate the correction procedure. Frames were analyzed at 
magnifications of 300, 100 and 50 diameters. Particles were collected 
for the 0-7 ym, 7-21 ym, and >36 ym size ranges, respectively. Areas of 
6.8 mm^, 133.5 mm^, and 328.2 mm^ were analyzed for each range, 
respectively. The count, as analyzed, is given in row 4 and was spread 
more-or-less uniformly over the size ranges. The mass fraction, as 
analyzed; is given as row 8 and is calculated as the sum of the observed 
cross-sectional area of the particles weighted for density and normalized 
to sum to 100%. It is apparent that the mass fraction is heavily 
concentrated in the largest size ranges, as analyzed. The particle mass 
fraction and count for each column was multiplied by an area ratio to 
normalize the data so that each column contained the particle area or 
count that would have been encountered if 328.2 of sample had been 
analyzed for that size range. The third row in Table 5 contains the 
correction factor used, which is the ratio of the largest sample area 
analyzed to the sample area analyzed for the particular size range (e.g., 
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Table 5. Area and count corrections for Adaville No. 11 200x0 mesh raw 
coal 
Size range (ym) 0-4 4-7 7-12 12-21 21-36 > 36 Total 
Number of frames _ 105 105 330 330 410 410 410 
Area analyzed (mm'^) 6.77 6.77 133.5 133.5 328.2 328.2 328.2 
Correction factor 48.5 48.5 2.46 2.46 1.00 1.00 
Particle Count 
As analyzed # 518 383 892 451 328 232 2804 
As analyzed % 18.5 13.7 31.8 16.1 11.7 8.3 100.0 
As corrected # 25123 18576 2194 1109 328 232 47562 
As corrected % 52.8 39.1 4.4 2.3 0.7 0.5 100.0 
Mass fraction 
As analyzed 0.27 0.58 4.33 6.19 14.27 62.56 100.0 
As corrected 13.10 28.13 10.65 15.23 14.27 62.56 143.9 
As normalized 9.1 19.5 7.4 10.6 9.9 43.5 100.0 
48.3 = (328.2 inm^)/(6.8 mra^)). The corrected particle area or mass 
measurements were used to normalize the mass fractions for all 
size/mineral categories to a total of 100%. 
Data from the corrected count' row show that 47,000 particles would 
have been analyzed across the size ranges to arrive at the same precision 
in the largest sizes without a partitioned analysis. At an analysis rate 
of 200 particles per hour, such an analysis would have required about 235 
hours or 10 days of round-the-clock SEM time. The partitioned analysis 
took about 18 hours. 
Summary of experiment design 
The following paragraphs summarize the steps involved in designing 
an analysis. 
It is necessary to establish the level of sensitivity required in 
the AIA results. The sensitivity is specified by selecting two of the 
three values, relative standard deviation (S^), absolute standard 
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deviation (Sg), and the weight fraction, w^, at which the two standard 
deviation specifications are equivalent. The three values are related by 
equation 16 so that only two of the three values may be independently 
selected. 
Sr = S3 / Wo (16) 
It is suggested that the weight fraction, w^, be selected as the 
average weight fraction of mineral matter in the significant categories. 
WQ = 100% / (number of significant categories) (12) 
The absolute or relative standard deviation at that point then needs 
to be specified for the desired level of sensitivity to changes in the 
mineral matter content. For weight fraction larger than w^, the standard 
deviation calculated as * weight fraction will provide a conservative 
estimate of error. Below that concentration, the absolute standard 
deviation will be a conservative estimate. 
The number of particles, corresponding to a relative standard 
deviation of Sj. at a weight fraction of WQ is found by using equation 14. 
XQ = l/(Rel. SD)2 (14) 
= l/(Sr)2 
The number of particles, N, in the total analysis may then be calculated 
following substitution of equation 14 into equation 15 to yield equation 
17. 
N = l/(Sr% * Wq) (17) 
The calculated value of N may then be used in equation 1 to calculate the 
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minimum analysis area for each particle size range. It should be noted 
that the actual number of particles analyzed will not generally be equal 
to N, although the number of particles analyzed should not be less than 
N. Since the analyzer collects particle data from size ranges of finite 
widths, there will be some excess of smaller particles in order to 
achieve a particular degree of reproducibility for the larger particles. 
Once the minimum area has been determined for analysis, it is also 
important to divide that area among a minimum number of frames (e.g., 
50). Multiple frames need to be analyzed to to ensure a random sampling 
of the sample surface and to minimize the impact of analyzing a few 
regions containing a concentrated number of small particles. 
For all image analyses, and especially for those not designed and 
carried out as discussed in this section, the relative standard deviation 
for any particular size-mineral category is readily calculable from the 
particle count for that category, using equation 9. For example, if 
only nine particles were analyzed for a category that was determined to 
account for 20% of the mineral matter, the relative standard deviation in 
the result would be 33% (= 1/9®*^); and the absolute standard deviation 
would be 6.7% of the mineral matter (= 20% * 33%). Such variations are 
quite large and indicate that the minimum area was not analyzed for that 
size range. It is possible to use these data as long as the magnitude of 
the deviation is considered, since mineral distributions within a coal or 
between coals often show differences larger than the above example 
standard deviation. 
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Image Analysis Conditions used for Coal Mineral Analysis 
The following subsections describe the specific conditions and 
procedures used for automated image analysis of mineral matter in coal. 
First, the preparation of sample pellets for AIA is discussed. Next, the 
hardware and conditions used for AIA are described. Finally, a 
description of the linear chemical classification procedure and the 
chemical specifications used in this work will be discussed. 
Sample preparation 
The coal samples studied ranged in size from 200 mesh (74 |im) to 6 
mesh (3327 ym) top size. Pellets were formed using epoxy as the 
embedding medium. Approximately 5 grams of coal were mixed with an equal 
weight of epoxy and formed into a cylindrical pellet 25 mm in diameter 
and about 15 mm long. Pellets of the smaller particle sizes were easier 
to prepare. The closer distribution of mineral particle diameters for 
the smaller sizes resulted in less settling of the largest particles 
during preparation. Sample preparation was the same for all particle 
sizes. 
In addition, several polymers were tested during this study in an 
attempt to find a mounting material that would produce pellets suitable 
in the normal sense (i.e., good adhesion to coal particles, ease of 
polishing, stability under the electron beam), but that would also 
provide contrast with the coal under backscattered electron imaging. 
Conventional epoxies appear at nearly the same gray-level intensity as 
coal particles in backscattered electron imaging, making it difficult for 
even the human eye to distinguish coal particles from epoxy matrix in 
polished sections. If a mounting medium providing contrast with both 
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coal particles and mineral particles could be found, then AIA could be 
employed to measure the degree of coal particle/mineral particle 
association. AIA might also then be used to directly measure the mineral 
matter content in coal, rather than relying on mineral content estimated 
from vet chemical analyses. 
Moza et al. (1978) described a methodology for doping a conventional 
epoxy with barium methacrylate to produce a mounting media with an atomic 
number factor higher than that of the coal. The resulting material did 
provide sufficient contrast between the coal and mounting material for 
automated image analysis. However, the contrast was reduced between the 
epoxy and the minerals, and in some cases the epoxy was of similar 
brightness as the minerals. Therefore, this author determined to try to 
use a lower atomic number polymer to reduce, if possible, the 
backscattered electron signal from the mounting media. 
V. N. E. Robinson et al. (1984) have described an atomic number 
factor whereby the effective average atomic number may be calculated for 
materials that consist of more than one element, thereby allowing the 
contrast to be estimated for a variety of chemical formulas. The atomic 
number factor is calculated by weighting the average of the atomic 
numbers of the constituent elements by their mass fraction in the 
material. For example, consider the polymer polyethylene, (C^H^)^. 
Carbon has an atomic number of 6 and has a mass of 12.0 grams per mole. 
Hydrogen has an atomic number of 1 and a mass of 1.0 gram per mole. The 
hydrogen to carbon ratio of 2:1 results in a carbon mass fraction of 
12.0/(12.0 + 2 * 1.0) = 86% and a hydrogen mass fraction of 14%. The 
atomic number factor is calculated as shown in equation 18. 
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n 
ANP = £((mass fraction of elements )*(atoniic number^)) (18) 
i=l 
= 86% * 6 + 14% * 1 = 5.28 
where n is the number of elements in the molecule. 
The atomic number factors of coal and a number of prospective 
polymers were calculated and are presented as Table 6. The atomic number 
factors for several minerals are also included for comparison. 
It can be seen from Table 6 that the atomic number factors of the 
coal (5.95) and epoxy (5.99) are nearly identical. Robinson et al. 
(1984) have stated that contrast of as low as 0.1 atomic number units or 
3% relative to the atomic number factor of the phase being studied, 
whichever is greater, can be detected with available backscattered 
electron detectors. It is, therefore, currently impossible to detect the 
slight difference in backscattered electron intensity between the epoxy 
and the coal, let alone to consistently differentiate between the phases 
with a global threshold. 
Polyethylene and polypropylene yield the lowest atomic number factor 
that can be attained with conventional polymers. The hydrogen-to-carbon 
ratio cannot be raised above two without disrupting the carbon chain. 
Other polymers such as polystyrene contain less hydrogen. Polyesters 
contain oxygen, and nylons contain oxygen and nitrogen resulting in a 
higher atomic number factor than polyethylene. Polyester would exhibit 
some contrast with the coal, but would reduce the contrast between the 
minerals and the mounting media. The polymers chosen for this work 
included a conventional embedding epoxy, two polyethylene powders, and 
polystyrene. 
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Table 6. Atomic number factors of coal, several polymers, and several 
minerals 
Average® Atomic 
Chemical Chemical Number 
Material Formula Composition Factor 
Coal b C-80, H-5, 0-10, N-2, S-3 5.95 
Epoxy c C-74, H-7, 0-19 5.99 
Polyethylene I W n  C-86, H-14 5.28 
Polypropylene [CHgCHCHgln C-86, H-14 5.28 
Polystyrene [CHgCHCgHsln C-92, H-8 5.61 
Nylon 6 [C0(CH2)5NH1„ C-72, H-11, 0-16, N-14 5.91 
Polyester d C-63, H-4, 0-33 6.45 
Kaolinite Al2Si202(0H)^ Al-21, Si-22, 0-56, H-2 10.24 
Illite e 
Calcite CaCO^ Ca-40, C-12, 0-48 12.57 
Quartz Si02 Si-47, 0-53 10.80 
Pyrite FeS2 Fe-46, S-54 20.65 
^Chemical formula for the polymers are taken from Morrison and Boyd 
(1973, pp. 1028-1047). 
^Due to the complex and heterogeneous nature of coal, the 
composition used for coal is a pseudo-average of several bituminous 
coals. 
^Due to the variety of formulas of epoxy, the atomic number factor 
is calculated for a saturated mixture of 2 parts of the diglycidyl ether 
of Bxsphenol A with 1 part of diethylene triamine. The chemical formula 
for the ether of Bisphenol A is CH2CHOCH20(CgH^)C3Hg(CgH^)OCH2CHOCH2. 
The formula for diethylene triamine is NH2C2H4NHC2H4NH2. 
^Dacron - lC0(CgH4)C00(CH2)20]n. 
®Illite - KAl^tSiagAli 502ol(OH)4, after Deer et al. (1966). 
All polymers were used in a 50:50 ratio with coal to form the 
pellets 25 mm in diameter and about 15 mm thick. Approximately 5 grams 
each of coal and polymer was sufficient to form such pellets. 
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The epoxy was a two component system (LECO Epoxide Resin part number 
811-164). Portions of resin and hardener were mixed in the recommended 
4:1 ratio. The liquid was then mixed with the coal particles and cast 
into a bakelite ring-mold and allowed to harden overnight at room 
temperature. 
Two types of polyethylene powders were used for preparing pellets. 
The first type was a sample of ultra-high molecular weight polyethylene 
(UHMVPE) from Dow Chemical (designation XO 5317.00, Type III, Class B, 
Category 1 according to ÂSTM standard D-1248). The second was a material 
designated "ALLATHON" D Polythene Resin from DuPont. Allathon formed 
pellets of lower hardness than the UHMVPE and the pellets were typically 
more translucent than those formed from UHMVPE under similar conditions. 
Pellets were prepared from both powders with the same technique. 
About 5 grams of 100 mesh (147 um) polyethylene powder was mixed with 5 
grams of coal and placed in a preheated 285"F (140'C) hydraulic press 
(Leco model PR 10). The mixture was subjected to a pressure of 4000 psi 
for a period of 7 minutes. The heating mantle was removed and the mold 
vas cooled by forced air convection to room temperature while maintaining 
pressure. Both polyethylenes shrank markedly upon cooling so that it was 
necessary to continue to pump the press to maintain pressure as the 
pellet cooled. 
Pellets of polystyrene were prepared from a liquid monomer following 
a procedure described by Shakhashiri (1983, pp. 241-242). About 25 g of 
styrene monomer was mixed with aluminum oxide (J. T. Baker "Aluminum 
oxide, neutral", #0540-1, "Brockmann Activity Grade I for 
chromatography", 50-200 ym nominal particle size) to remove the 
polymerization inhibitor. After a few seconds of stirring, the monomer 
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was filtered using Whatman type 50 filter paper to remove the aluminum 
oxide. A small amount (0.3 g) of benzoyl peroxide (€@8500)202 was 
dissolved in the styrene to initiate the polymerization. The mixture was 
heated to 97°C to carry out the polymerization. After 15-20 minutes, the 
styrene had polymerized to the point where it vas quite viscous and was 
ready to be mixed with the coal. The mixture of coal and styrene was 
then cast into a bakelite ring mold and placed in a preheated oven set at 
100®C and left overnight to finish polymerizing. 
Hardened pellets of all three polymers were prepared for SBH 
examination using standard pétrographie procedures. Pellets were ground 
to expose a horizontal cross section using 320 grit silicon carbide 
paper. The cross section was then polished using 600 grit silicon 
carbide paper followed by 5 ym alumina powder followed by 0.3 ym alumina 
powder. Alumina contamination was seen in the results of analyses of 
the western coals, and it was necessary to delete the alumina 
contribution from the weight distribution. Boron nitride polishing 
wheels and diamond paste polishing compound are recommended for 
preparation of future samples. Any residual boron nitride or diamond 
particles from polishing would be approximately the same brightness as 
the coal and should not be detected as a particle. Should particles be 
detected and an X-ray spectrum collected, the X-ray emissions from boron, 
carbon, and nitrogen are below the energy range that is detected by 
conventional energy-dispersive X-ray detectors. 
The polished sections were coated with approximately 50 Angstroms of 
carbon to render the surface electrically conductive for SEM examination. 
Epoxy was used for embedding the coal for image analyses. The goal 
was to analyze the mineral matter character rather than coal particle 
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size or coal/mineral particle association. Therefore, the epoxy was 
satisfactory. 
AIA hardware facilities 
The AIÂ-SEM facility consists of a JEOL JSM-U3 scanning electron 
microscope, a Tracor Northern TN-2000 energy-dispersive X-ray analyzer, 
and a LeMont Scientific model B-10 automated image analyzer. The 
original image analyzer was constructed around an Interdata 6/16 16-bit 
computer with 64 Kbytes of memory. Interdata subsequently discontinued 
support for this computer and LeMont Scientific, therefore, based further 
AIA development on the Digital Equipment Corporation (DEC) LSI-11 series 
of 16-bit computer. The following discussion will describe the DEC-based 
image analyzer, although much of the discussion is independent of the 
particular computer system. 
The laboratory computer contains an LSI 11/23 central processing 
unit (CPU) produced by Digital Equipment Corporation (DEC), and is housed 
in DEC'S Q-bus backplane. The computer is equipped with 256 Kbytes of 
CPU memory, although only 128 Kbytes are addressed by the image analysis 
software. A four line serial interface (DEC DLV-llJ compatibls) is used 
to communicate with the operator's console, the system printer, and the 
two X-ray analyzers. A DEC DRVll parallel interface is used to 
communicate with the SEM interface. The interface is equipped with 
sixteen input and sixteen output lines and several control lines. Data 
transfer rates of up to 40,000 words/second (i.e., 16-bit word) are 
possible. A combination 1 Mbyte 8-inch floppy disk drive and 30 Mbyte 
hard disk drive is used for data storage. The computer runs the DEC RT-
11 real-time operating system with application programs written in 
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FORTRAN IV and MACRO (DEC' S  assembly language). 
The digital scan generator interfaces the computer and the SEH for 
beam control. Two twelve-bit digital-to-analog converters give 4096 
pixel resolution in both X and Y directions. An internal mode of control 
is available to sweep the beam at switch-selectable settings when 
released from computer control. 
Amplifier modules are available to process backscattered and 
secondary electron images for display and analysis. A threshold selector 
contains circuitry to further amplify the video signal selected for 
analysis in preparation for threshold selection. The threshold selector 
serves as a one- or two-bit analog-to-digital convertor to register 
whether the video signal is above, below, or between two operator-
selectable intensities. The output of the threshold selector may also be 
passed to an optional 8-bit analog-to-digital converter to separate the 
image into 256 distinct gray levels. 
SEM-AIA conditions 
Samples were analyzed in the SEM at conditions of 25 kV accelerating 
voltage with specimen currents of 1 to 2 nA. The sample vas examined at 
a working distance of 32 mm from the pole piece of the microscope and 
without any sample tilt. The takeoff angle for the X-rays was 19° to a 
detector mounted 60 mm from the center line of the column. Four solid 
state backscattered electron detectors (available from LeMont Scientific) 
were mounted to the bottom of the pole piece. These SEM conditions were 
necessary to result in satisfactory X-ray and BSE signals. X-ray count 
rates under these conditions were 1000 to 2000 counts per second across 
the X-ray spectrum from 0.9 to 20.0 keV. 
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Six size classes were set up with size boundaries at 4, 7, 12, 21, 
and 36 vm for the 200 mesh coals. This provided a logarithmic scale 
spanning the size range from 0 to 75 ym. Fields were analyzed at 
magnifications of 300, 100 and 50 diameters to collect particles in the 
2-7 ym, 7-21 ym, and > 21 ym size ranges, respectively. Area 
discriminators were set at 3.1, 38.4 and 346.2 ym^ (corresponding to 
area-equivalent diameters of 2.0, 7.0 and 21.0 ym) for the three 
magnifications, respectively, to avoid collecting excessive numbers of 
small particles. The size classes were set at 6.3, 20, 63, 200 and 632 
ym for analysis of the larger chemically-processed coal samples. The 
same magnifications were used, but discriminators were set at 3.1, 31.4 
and 314 square ym (corresponding to area-equivalent diameters of 2.0, 
6.3, and 20.0 ym) to correspond to the new size categories. 
Further resolution in the size classes would have been desirable in 
the analysis of the chemically processed samples. However, the increased 
resolution would have required longer analyses to achieve the same 
precision for the additional size classes. The software is also 
currently limited to six size classes per analysis, although the stored 
particle data could have been played back in two or more sections with 
six different size ranges per playback, and the sections could have been 
merged to achieve greater resolution. 
Analyses were conducted at each magnification until 1500 particles 
were collected at that magnification, where possible. Analyses were 
terminated on the basis of count instead of area analyzed since the 
equations for calculating the necessary area were not yet developed. The 
count limit produces the same results as the area limit if the particle 
mass is uniformly distributed across the size ranges. However, if the 
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mass is not distributed uniformly, the count limit may lead to analyses 
longer than necessary to achieve the desired degree of precision. For 
example, the cleaned coals were typically devoid of large particles, and 
analyses were terminated long before 1500 particles were analyzed in the 
largest size ranges. Since analyses were terminated on the basis of 
particle count instead of a minimum area chosen to achieve a 
predetermined standard deviation in the results, it was necessary to 
calculate the relative standard deviation in the results on a category-
by-category basis using the particle count in the categories. 
The 'Linescan' image analysis program was used to characterize the 
mineral particles for all of the samples, except the pair of raw and 
cleaned Adaville coals for which the Gridameter program was used. A 
point density of 1024 was employed at all magnifications to yield a 
precision of ±0.1% of the field of view. Frames were scanned collecting 
size and shape characterization for the first five particles encountered. 
Energy-dispersive X-ray spectra were then collected from the center of 
those five particles and feature data were stored on magnetic disk. The 
prcgran: then resumed scanning the frame for additional particles. The 
cycle continued until all particles in the frame had been characterized. 
Chemistry definition file 
The elements monitored, the regions-of-interest used, and some of 
the mineral forms containing those elements are given in Table 7. The 
elements Mg, Al, Si, S, K, Ca, and Fe constitute a major part of the 
common coal minerals. The elements Na, P, CI, Ti, Cu, Zn, and Pb are 
found in trace amounts either as minor fractions of common minerals, or 
as part of less common minerals. Elements such as Cr, Ni, V, Sn, Mn, and 
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Table 7. Elements and regions-of-interest selected for ÂIA chemical 
analyses 
Spectrometer regions-of-interest limits in KeV 
background element 
Element energies energies Mineral forms^ 
1 Na 0.92 1.16 0.93 1.15 halite, montmorillonite 
2 Mg 1.16 1.36 1.17 1.35 dolomite 
3 A1 1.39 1.59 1.40 1.58 clays 
4 Si 1.64 1.84 1.65 1.83 clays, quartz 
5 P 1.91 2.12 1.92 2.11 apatite 
6 S 2.20 2.41 2.21 2.40 pyrite, sulfates 
7 Cl 2.51 2.75 2.52 2.74 halite, sylvite 
8 K 3.21 3.43 3.22 3.42 illite, feldspars 
9 Sn 3.33 3.54 3.34 3.53 (trace) 
10 Ca 3.59 3.80 3.60 3.79 calcite, gypsum, dolomite 
11 Ti 4.39 4.61 4.40 4.60 rutile 
12 V 4.83 5.06 4.84 5.05 (trace) 
13 Cr 5.30 5.53 5.31 5.52 (trace) 
14 Mn 5.78 6.02 5.79 6.01 (trace) 
15 Fe 6.27 6.52 6.28 6.51 pyrite, jarosite, hematite 
16 Co 6.78 7.06 6.79 7.05 (trace) 
17 Ni 7.32 7.61 7.33 7.60 (trace) 
18 Cu 7.89 8.18 7.90 8.17 chalcopyrite 
19 Zn 8.48 8.77 8.49 8.76 sphalerite 
20 Pb 12.41 12.80 12.42 12.79 galena 
^Elements indicated as occurring in trace amounts may occur as 
substitutional elements in common minerals or as trace amounts of rare 
minerals. X-ray counting statistics were generally not adequate to 
provide good analyses results for these elements as minor constituents of 
common minerals. 
Co were included as possible trace metals, and because they did not 
hamper the analyses by their addition. Regions-of-interest were 
defined at slightly more than half the peak width for the most intense 
peak of most elements, with the exception of lead (Pb). The line X-
ray emission was measured for most of the elements. Overlap of the lead 
and sulfur peaks in the EDS spectrum required the use of the lead line 
to verify the presence of lead. Regions-of-interest were set at half the 
peak maximum in order to minimize noise effects from the background. 
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The elemental intensities were determined by averaging the integral 
of the peak region-of-interest over the width of the region-of-interest. 
The 'background' X-ray intensities were determined by taking the 
difference between the peak and background integrated intensities, and 
dividing by the difference in width between the two regions-of-interest. 
The background region-of-interest was defined to be one channel wider 
than the peak region-of-interest on both the high and low energy side. 
Therefore, the background intensity was effectively the average of the 
channel counts on either side of the peak region-of-interest. The 
difference between the average peak channel counts and the average 
background channel counts was multiplied times the width of the peak 
region-of-interest to determine the net integrated peak intensity. 
The energies used to measure the background intensities were chosen 
on the side of the elemental lines to avoid elemental interferences. A 
software restriction required that the background be measured by the 
channels adjacent to the peak integral. Defining the regions-of-interest 
at slightly wider than full-width-at-half-maximum led to less 
interference from nearby peaks. As an example of the potential 
interferences, the presence of a silicon peak in a spectrum collected 
with a shaping constant of 2 ys will result in a gross intensity being 
measured for an aluminum region-of-interest defined at full peak width, 
even with no aluminum present. Location of the background region-of-
interest at its current location on the sides of the aluminum peak 
ensures that the net intensity is zero if no aluminum is present. 
Since brief X-ray acquisitions were used, two tests were employed to 
prevent random spectral noise from appearing as an elemental X-ray peak. 
The first test applied was that the average peak intensity must exceed 
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the average background intensity by a multiple of the square root of the 
background intensity for a peak to be determined as present. Since the 
standard deviation in the X-ray count is estimated by the square root of 
the count, a factor of 2.0 was used to establish that the peak intensity 
vas greater than the background intensity at the 97.7% confidence level. 
In fact, the factor of 2.0 is overly restrictive for small peaks where 
the background is measured on the side of the peak. 
A Gaussian peak was constructed on a flat continuum to simulate the 
conditions encountered in AIA X-ray analyses and estimate the degree of 
conservatism in this criteria. A background intensity of 9 counts per 
channel was used to simulate the background intensity measured around the 
iron peak in a 4 second X-ray acquisition at approximately 2000 counts 
per second. For such a background intensity, an average peak count of 15 
would just be considered significant at the 97.7% confidence level, the 
difference between peak and background being equal to twice the square 
root of the background intensity. A Gaussian peak with an intensity of 
162 counts and a full width at half maximum of 180 eV (i.e., the width of 
an iron peak measured with a 2 ys shaping time on the Tracor Northern 
analyzer) gave an average peak count of 15 counts per channel over the 
energy range 6.28 to 6.52 KeV used to measure the iron intensity for AIA. 
The background intensity measured for the simulation at 6.27-6.28 KeV and 
at 6.52-6.53 KeV was 11.2 counts per channel. The integrated net 
intensity measured for the peak was 90 counts. The ratio of the net peak 
intensity to the measured background intensity of 11.2 counts per channel 
was 1.04, which is to be compared to a ratio of 2.00 when using the true 
background intensity of 9 counts per channel. The current software test 
would not find the peak significant. The peak would need to be about 
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twice as intense to pass the criteria using the background measured on 
the side of the pegJc. A peak of 320 counts would result in an average 
net peak count of 12 counts per channel and an average background of 13.4 
counts per channel, which would result in an integrated intensity of 180 
counts, and would just pass as significant. 
The minimum detectable concentration is, therefore, about twice as 
large as it would be with a continuum background measurement. However, 
the background multiplier of 2.0 is still necessary for the case where no 
peak is present. A multiplier of 1.0 would permit peaks to be counted as 
significant if the counts in the background channels were both only one 
standard deviation below the average continuum. For example, intensities 
of 6 counts per channel at both energies used to measure background would 
result in an average continuum of 9 counts per channel in the peak region 
of interest area to be considered significantly different, when it is in 
fact background. 
The second test for significance of the X-ray intensities was to 
compare the integrated peak intensity against a threshold value of net 
integrated intensity. A net count threshold of 50 counts was used in the 
current work. 
It would appear that the two tests for significance were overly 
conservative, and that those X-ray peaks that were accepted as being 
significant were done so with a confidence of more than 97.5%. It could 
be necessary to further evaluate and revise the significance tests to 
insure that smaller X-ray peaks that may be significant with only 90 or 
95% confidence be included in specialized future analyses. Such an 
example might be represented by certain clays where a particular 
characteristic element could be of relatively low abundance. 
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Relatively short acquisition times of 4 seconds were used at count 
rates of up to 2000 counts per second across the entire spectrum. Short 
acquisition times are acceptable for AIÂ since it is necessary to get 
only a qualitative estimate of the composition in order to identify the 
mineral phase. The characteristic X-ray peaks are sufficiently well-
defined after such short acquisitions to separate most mineral phases on 
the basis of the relative intensities of the component elements. Huggins 
et al. (1980) have successfully used even shorter periods. However, the 
computers used in this research required about two seconds to transfer 
and process the X-ray data from a single particle. In view of such a 
time overhead, it was not deemed worthwhile to shorten the acquisition 
time further. 
Chemistry definition file specifications 
The basic specifications of the chemistry definition are limits set 
on the relative X-ray intensities of the elements, taken either singly or 
in combination. Commonly, limits were set on the fraction that a single 
element was of the total X-ray count. It is also possible to specify the 
ratio of one, or a group, of elements to another set of elements. 
Specifications may also be set on physical measurements as necessary to 
define a chemical class. In addition, a "default" specification is 
provided with the LeMont software routines to limit the presence of 
elements not explicitly limited by an elemental specification. 
All specifications are weighted for importance in describing a 
chemical class. The importance of a specification to a mineral 
definition may be varied by adjusting a weighting parameter attached to 
the specification. Such weighting is useful when defining a mineral 
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phase of variable composition such as the clay, montmorillonite. In such 
a case, at least one of the elements, sodium or calcium, is required to 
be present. The absence of one element or the other is not sufficient 
grounds to reject a particle from classification as montmorillonite, but 
the absence of both elements is. The definitions and weighting are 
established to accomplish this determination. 
The classification procedure operates on the basis of finding the 
first match of particle characteristics to chemical specifications. 
Particles are compared to chemical definitions sequentially. The program 
stores a running total of the "badness-of-fit" of particle 
characteristics with regard to the specifications. Before a particle is 
tested for fit to a set of specifications, the variable storing the 
quality of fit is reset to zero. As each specification is tested, the 
weighting factor is summed to the variable if the specification is not 
met. Should the value of the variable exceed a threshold of 1000 before 
all specifications have been tested for a category, the particle is 
considered to not fit the current chemical category and is passed on for 
comparison to the next chemical class. If after all specifications have 
been tested the value of the variable is less than 1000, the particle is 
classified into that chemical class. This process can be illustrated 
using the example of montmorillonite. 
Specifications may be attached to the montmorillonite definition 
requiring calcium to represent from 5 to 30% of the total X-ray intensity 
(i.e., counts) with a weighting of 500. The limits for the intensity 
fraction were defined broadly to include the likely range of intensities. 
The likely range of intensities was estimated from the weight percent 
that the element of interest was of the elements that were monitored by 
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the energy-dispersive spectrometer. The weighting value was chosen to 
allow one such specification to be exceeded without exceeding the 
threshold of 1000. A similar definition was written for sodium. 
Assuming a particle has passed all the other requirements to be 
classified as montmorillonite, it is tested against the calcium and 
sodium requirements. Four possible conditions exist. Both calcium and 
sodium may be present within the 5 to 30% relative intensity range and 
the particle will be accepted as montmorillonite. Calcium may not be 
present within the 5-30% range, in which case the weighting value of 500 
would be added to the badness-of-fit variable. Should sodium be present, 
the badness-of-fit variable would remain 500 after all specifications had 
been tested which is less than 1000 and the particle would be accepted as 
montmorillonite. A similar outcome would result if calcium was present 
without sodium. Should both calcium and sodium relative intensities be 
outside the prescribed limits, the weighting value of 500 would be added 
to the badness-of-fit variable, first for the error in the calcium 
requirement, and then for the error in the sodium requirement. The 
badness-of-fit value, now equal to 1000, would be compared against the 
threshold value of 1000, and the particle would be rejected as not 
fitting the specifications for montmorillonite since the badness-of-fit 
variable equaled or exceeded the threshold of acceptance. 
Such a structure of chemical classification provides the AIA 
operator a great degree of flexibility along with some constraints on the 
development of a chemistry definition file. The sequential sorting 
structure allows common mineral phases to be defined early in the file 
providing for very fast sorting. Class specifications can also be 
defined rather loosely provided specifications are satisfactorily 
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stringent to differentiate between the various phases encountered. For 
example, in an idealized mineral system consisting only of pure, 
homogeneous pyrite, calcite, and quartz particles, it would be sufficient 
to require only the presence of the major elements in order to 
differentiate the phases. There would be no need to precisely define the 
categories by the relative amounts of the elements. The operator is 
constrained in dealing with more complex mineral systems to define 
categories more carefully in order to avoid misclassifying particles. 
Chemical limits need to be specified to restrict matches to particles 
that exhibit the proper elemental ratios. 
The categories used in the present analysis are summarized in Table 
8. The final form of the chemistry definition file used for the current 
work is listed in Appendix B with the pyrite specifications extracted as 
Table 9 for illustration purposes. 
The first requirement to classify a mineral as pyrite is the 
presence of both iron and sulfur. Limits of 20% and 52.5% were set on 
the iron fraction of the combined iron and sulfur X-ray intensity to 
insure that the iron-sulfur stoichiometry of the particle matched that of 
pyrite. It is necessary to note that the exact limits of the ratio will 
depend on accelerating voltage, the widths and/or locations of the 
regions-of-interest, and the specimen-detector geometry. Changes in any 
of these factors necessitate changes in the limits. 
In certain cases, mixed mineral phases are encountered. It was the 
author's decision to classify such assemblages according to the 
predominant mineral phase. In this example, a lower limit of 50% was set 
on the combined iron and sulfur fraction of the X-rays in order to 
classify a particle as pyrite. Conversely, a particle with a combined 
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Table 8. Coal minerals defined in the current chemistry definition 
file 
Mineral Elements required Density 
No/low X-ray intensities none 1.30 
(organic matter) 
Iron Sulfate Fe, S 3.00 
Pyri te Fe, S 5.00 
Pyrite and Misc. Fe, S 2.80 
Kaolinite Al, Si 2.65 
Illite Al, Si, K, (Pe,Ti,Na opt.) 2.75 
Montmorilloni te Al, Si, (Na,Ca) 2.30 
Chlorite Al, Si, (Mg,Fe) 3.00 
Mixed Clay Al, Si 2.60 
Quartz Si 2.65 
Gypsum Ca, S 2.30 
Apatite Ca, P 3.20 
Dolomite Ca, Mg 2.90 
Calcite Ca 2.80 
Iron-rich Fe 3.00 
(siderite, hematite, metallic iron) 
Silicates Si 2.70 
Miscellaneous any 2.50 
iron and sulfur relative intensity of 40% with a silicon relative 
intensity of 60% would be classified as quartz. Within the pyrite 
category, several subclasses were created to split out identifiable 
mineral combinations. For example- the pyrite-quartz category is defined 
by the presence of silicon, and only silicon in significant amounts 
besides iron and sulfur. Practically, relatively small amounts of mixed 
phases were observed. 
The default specification is employed to limit the amounts of other 
elements not given specific limits. For example, a default specification 
may be written to require other elements to be present at between 0-10% 
of the total X-ray count with a weighting of 400. This would require all 
elements not given explicit limits to be present at less than 10% of the 
total X-ray count. Each element exceeding the 10% upper limit would 
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cause the weighting factor of 400 to be added to the badness-of-fit 
variable. The weighting factor of 400 might be used to allow two 
elements to exceed the 10% threshold without exceeding the minimum 
chemical specifications. The badness-of-fit variable would equal 800 
Table 9. Example chemical definitions for the mineral pyrite as used 
with LeHont Scientific software. 
PYRITE IS MACRO CLASS 3 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT WEIGHTING 
S FRACTION OF XRAY COUNT 0.100 
FE FRACTION OF XRAY COUNT 0.100 
OTHER ELEMENT FRACTIONS: 0.000 
i.e.;NAMGALSI PCL KSNCATI VCRMNCONICUZNPB 
RATIO REQUIREMENT: 
NUM:NET COUNTS:FE 
OEN:NET COUNTS:FE S 
SPECIFIC GRAVITY 
0.200 
0.800 
0.800 
0.125 
0.525 
5.000 
1000 
1000 
1000 
1000 
************************************************************** 
PYRITE+MISC. IS MACRO CLASS 4 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT WEIGHTING 
0.020 
0.020 
0.200 
0.800 
0.800 
0.800 
FE FRACTION OF XRAY COUNT 
S FRACTION OF XRAY COUNT 
RATIO REQUIREMENT: 
NUM:NET COUNTS;FE 
DEN:NET COUNTS:FE S 
RATIO REQUIREMENT: 
NUM:NET COUNTS;FES 
DEN:NET COUNTS:NAMGALSI P SCL KSNCATI VCRMNFECONICUZNPB 
1000 
1000 
1000 
0.500 1.000 1000 
SPECIFIC GRAVITY 2.800 
PYRITE & CLAY IS SUBCLASS 
SPECIFICATION TYPE 
1 OF PYRITE+MISC. 
LOWER LIMIT UPPER LIMIT WEIGHTING 
AL FRACTION OF XRAY COUNT 0.020 0.500 1000 
SI FRACTION OF XRAY COUNT 0.020 0.500 1000 
RATIO REQUIREMENT: 0.200 2.000 1000 
NUM:NET COUNTS;AL 
DEN:NET COUNTS:SI 
RATIO REQUIREMENT; 0.125 1.000 1000 
NUM:NET COUNTS;ALSI 
DEN:NET COUNTS;NAMGALSI P SCL KSNCATI VCRMNFECONICUZNPB 
SPECIFIC GRAVITY 2.800 
85 
Table 9 (continued) 
PYRITEH-QUARTZ IS SUBCLASS 
SPECIFICATION TYPE 
2 OF PYRITE+MISC. 
LOWER LIMIT UPPER LIMIT WEIGHTING 
SI FRACTION OF XRAY COUNT 
FE FRACTION OF XRAY COUNT 
S FRACTION OF XRAY COUNT 
OTHER ELEMENT FRACTIONS 
0.125 
0.010 
0.010 
0.000 
0.500 
0.800 
0.800 
0.125 
1000 
1000 
1000 
1000 
i.e.;NAMGAL PCL KSNCATI VCRMNCONICUZNPB 
SPECIFIC GRAVITY 2.800 
OTHER SUBCLASSES WILL BE AUTOMATICALLY CREATED AS REQUIRED 
after testing all the specifications, but would be less than the 
threshold of 1000, and the particle would be accepted. However, three 
elements exceeding the specification would result in a badness-of-fit 
value of 1200, and would lead to rejection of the match. Ordinarily, 
such a default specification with a weighting of less than 1000 should be 
augmented with a second default specification (e.g., 0-30%) with a 
weighting of 1000 to place an upper limit on the amount of the extra 
elemental presence. 
The weighting specifications should be used with caution. Often, a 
weighting of 1000 is adequate for all specifications. In other words, 
most specifications are absolutely essential. Should a different 
weighting be needed for special cases, the weighting factors are chosen 
to reflect the importance of the specifications, and to insure that the 
collection of weighing factors sum to more than 1000 for all combinations 
of potential mismatches. 
There is no need to weight non-essential specifications equally. 
For example, a combination of 200 (minor specification), 600 (important 
86 
specification), and 500 (important specification) would be sufficient to 
determine that the particle does not match. If the same weighting factor 
was used for several specifications of equal weight, values from 501 to 
999 would allow one specification to be violated, but not two. Values 
from 334 to 500 would allow two specifications to be violated, but not 
three. Values from 251 to 333 would permit three specifications to be 
exceeded, but not four, and so on. 
Data Presentation 
Table 10 presents a sample output of AIÂ results from raw Illinois 
No. 6 200x0 mesh coal. The table is taken directly from the output of 
the AIÂ program without corrections. Each row of the table represents a 
different mineral class, and each column represents an incremental size 
class. The sample table lists all the mineral phases defined in the 
latest version of the chemistry definition file. Particle sizes are 
expressed as area-equivalent diameter, which is the diameter of a circle 
having the same area as the particle. Area-equivalent diameter was 
chosen over alternative length or width measurements due to the complex 
shapes of the coal minerals involved. 
The values in the table are the weight fraction of the mineral 
matter for each size/mineral category. The distributions are not 
cumulative. Therefore, the second column labeled "<7" contains the 
weight fraction of mineral particles with diameters between 4 and 7 ym. 
Weight fractions are derived from the areal fractions by weighting the 
areal analyses by the densities of the mineral phases. This conversion 
is possible since the areal analysis is an unbiased estimate of the 
volume analysis for phases examined in a polished cross section. 
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Table 10. Raw mineral matter distribution data for Illinois No. 6 200x0 
mesh raw coal. Weight distribution of mineral matter as a 
function of area-equivalent diameter in microns 
Chemistry\Size < 4.0 < 7.0 < 12. < 21. < 36. > 36. TOTALS 
NO/LOW XRAY® 0.591 
FE-SULFATE 0.015 0.059 0.167 0.295 0.938 1.896 3.370 
PYRITE 0.128 0.956 2.240 3.559 11.914 19.328 38.125 
PYRITE+MISC. 0.018 0.053 0.120 0.078 0.279 0.112 0.659 
KAOLINITE 0.177 1.080 1.514 1.258 2.770 4.542 11.341 
ILLITE 0.036 0.344 0.690 0.635 2.406 4.704 8.815 
MONTMORILLONITE 0.001 0.010 0.015 0.041 0.051 0.000 0.117 
CHLORITE 0.046 0.245 0.364 0.189 0.743 1.475 3.062 
MIXED CLAY 0.016 0.081 0.146 0.068 0.220 0.626 1.157 
QUARTZ 0.257 1.512 2.571 2.093 4.564 10.265 21.262 
GYPSUM 0.005 0.024 0.044 0.017 0.036 0.000 0.126 
APATITE 0.003 0.013 0.034 0.037 0.071 0.626 0.784 
DOLOMITE 0.000 0.002 0.007 0.000 0.116 0.000 0.125 
CALCITE 0.009 0.067 0.299 0.266 1.971 5.243 7.856 
FE-RICH 0.006 0.058 0.051 0.085 0.090 0.336 0.626 
SILICATES 0.017 0.049 0.166 0.073 0.593 0.489 1.387 
MISCELLANEOUS 0.005 0.027 0.064 0.051 0.230 0.220 0.598 
TOTALS 0.739 4.581 8.494 8.743 26.991 49.861 99.409 
^he weight of NO/LOW XRAY particles is not classified by size in 
order to conserve computer memory for other categories. 
Similar distributions are available for the number of particles per 
class in order to assess reproducibility. The data in Table 10 have 
yet to be converted to a consistent area base and normalized to 100%. 
The raw data of Table 10 are corrected to a consistent area base 
by using the area correction factor described previously in the section 
on partitioned analyses. The contribution of no/low X-ray particles is 
also removed from the table, if present. Only mineral particles which 
would yield significant X-ray intensities were expected to pass the 
video threshold in order to be analyzed. Artifacts in the 
backscattered electron image, such as cracks in coal particles or holes 
in the epoxy resin, can exceed the threshold sufficiently to be 
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analyzed as particles. These artifacts contribute to the no/low X-ray 
category, and are thus spurious effects to be removed. Normally, 
detailed data are not collected for the no/low X-ray category in order 
to save computing resources for significant phases. The corrected 
table is normalized to 100% of the mineral matter. Such a corrected 
and normalized table is presented as Table 11. 
The weight fraction of mineral matter values are often normalized 
to the mineral matter content of the dry coal. The individual values 
are then the weight fraction of that size/mineral category in the dry 
Table 11. Corrected euid normalized mineral matter distribution data for 
Illinois No. 6 200x0 mesh raw coal. Weight distribution of 
mineral matter as a function of area-equivalent diameter in 
microns. Data were corrected to a common area base by 
multiplying weight fractions in the raw data table by the 
ratio of the total analysis area to the area analyzed for that 
size range and normalizing the corrected table to 100%. Area 
correction factors were 69.26 for column 1, 11.89 for column 
2, 3.02 for columns 3 and 4, and 1.00 for columns 5 and 6 
ChemistryNSize < 4.0 < 7.0 < 12. < 21. < 36. > 36. TOTALS 
FE-SULFATE 0. 437 0. 298 0. 215 0. 381 0. 400 0. 808 2. 539 
PYRITE 3. 770 4. 847 2 = 888 4. 588 5. 078 8. 238 29. 410 
PYRITE+MISC. 0. 522 0. 270 0. 154 0. 101 0. 119 0. 048 1. 214 
KAOLINITE 5. 228 5. 475 1. 952 1. 621 1. 181 1. 936 17. 394 
ILLITE 1. 063 1. 743 0. 890 0. 818 1. 025 2. 005 7. 544 
MÔNTMORILLONITE 0. 027 0. 049 0. 019 0. 053. 0. 022 0. 000 0. 169 
CHLORITE 1. 346 1. 242 0. 470 0. 244 0. 317 0. 628 4. 247 
MIXED CLAY 0. 478 0. 412 0. 188 0. 087 0. 094 0. 267 1. 527 
QUARTZ 7. 590 7. 663 3. 315 2. 699 1 .  954 4 .375 27. 587 
GYPSUM 0 ,142 0 .121 0 .057 0. 022 0 .015 0 .000 0. 358 
APATITE 0 .080 0 .065 0 .044 0. 047 0 .030 0 .267 0. 533 
DOLOMITE 0 .000 0 .008 0 .010 0. 000 0 .050 0 .000 0. 067 
CALCITE 0 .280 0 .341 0 .386 0. 342 0 .840 2 .235 4. 425 
FE-RICH 0 .192 0 .294 0 .066 0. 109 0 .038 0 .143 0. 842 
SILICATES 0 .496 0 .250 0 .214 0. 094 0 .253 0 .208 1. 515 
MISCELLANEOUS 0 .154 0 .136 0 .083 0. 066 0 .098 0 .094 0. 630 
TOTALS 21 .805 23 .213 10 .952 11. 273 11 .505 21 .253 100. 000 
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coal. Such a base allows mineral matter in different samples to be 
compared» either between two different coals, or as a function of 
processing. Comparisons can then be made on an absolute basis noting 
differences in the weight fraction of individual size/mineral 
categories before and after processing, rather than limiting 
observations to relative shifts in mineralogy. 
Mineral matter content is estimated from low temperature ashing if 
possible, or from ash and pyritic sulfur content using a modified Parr 
formula after Given and Yarzab (1978). The formula as used is 
presented as equation (19). 
Mineral matter = 1.13 * (Ash) + 0.47 * (Pyritic sulfur) (19) 
The Parr formula corrects the ash analysis for waters-of-hydration lost 
from the clays during the high temperature ashing and also makes 
allowance for the transformation of FeS2 to 5^20^. 
Several of the minor mineral categories are often combined to 
reduce the complexity of the table. The categories montmorillonite, 
chlorite» and mixed clays are combined with the silicates category if 
they represent only minor fractions of the mineral matter. Other 
categories such as gypsum, apatite, dolomite, and the iron-rich phase 
are often combined into a "MINORS" mineral category as identified, but 
trace, components. An example of such a table with combined categories 
and normalized to the mineral matter content is presented.as Table 12. 
Due to the preponderance of numbers in the above tables of size 
and chemical distribution, it is often easier to discern trends in the 
distributions by presenting data in graphical form. Figure 5 is an 
example plot of the weight distribution of the dominant minerals in the 
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Table 12. Mineral matter distribution data for Illinois No. 6 200x0 mesh 
raw coal expressed on a dry coal basis. Weight distribution 
of mineral matter as a function of area-equivalent diameter. 
Minor mineral categories are merged and the table is 
normalized to the mineral matter content of the dry coal 
ChemistryNSize < 4.0 < 7.0 < 12. < 21. < 36. > 36. TOTALS 
FE-SULFATE 0.084 0.058 0.042 0.074 0.077 0.156 0.491 
PYRITE 0.728 0.936 0.558 0.886 0.981 1.592 5.682 
PYRITE+MISC. 0.101 0.052 0.030 0.020 0.023 0.009 0.235 
KAOLINITE 1.010 1.058 0.377 0.313 0.228 0.374 3.360 
ILLITE 0.205 0.337 0.172 0.158 0.198 0.387 1.458 
QUARTZ 1.466 1.480 0.640 0.521 0.376 0.845 5.330 
GYPSUM 0.027 0.023 0.011 0.004 0.003 0.000 0.069 
CÂLCITE 0.054 0.066 0.075 0.066 0.162 0.432 0.855 
MISCELLANEOUS 0.030 0.026 0.016 0.013 0.019 0.018 0.122 
SILICATES 0.453 0.377 0.172 0.092 0.133 0.213 1.441 
MINORS 0.053 0.071 0.023 0.030 0.023 0.079 0.279 
TOTALS 4.213 4.485 2.116 2.178 2.223 4.106 19.320 
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Example plot of the weight distribution of major minerals in 
Illinois No. 6 200x0 mesh raw coal with error bars. Error 
bars indicate the possible range of weight fractions at the 
95% confidence level 
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Illinois No. 6 coal sample. The values are taken from Table 12 for the 
minerals pyrite, illite, and quartz. The graph also includes error bars 
for each of the points. The error bars are calculated as ±2 stgmdard 
deviations, where the relative standard deviations are calculated as one 
over the square root of the number of particles observed in a category. 
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RESULTS AND DISCUSSION 
The results of the application of ÂIA to the characterization of 
mineral matter in coal are presented and discussed in the following seven 
sections. The first section presents results of the investigation into 
alternate mounting media for coal to be studied by AIA. Although not 
used in the current work, these results provide a foundation for future 
AIA characterization of coal particles and of coal-mineral particle 
association. The second section discusses the practical experience with 
the development of a chemistry definition file for coal minerals, 
including problems encountered with phase definitions and guidelines for 
revising files. The third section contains examples of obtaining weight 
fraction and precision estimates and presents the actual AIA results for 
the coals studied. The fourth section is a detailed examiniation of the 
level of precision that was achieved in the analyses. The fifth and six 
sections discuss the findings of the AIA results with respect to raw and 
processed coals, respectively. The seventh section is a comparision of 
AIA results with results of ASTM pyritic sulfur analyses, X-ray 
diffraction results and Fourier transform infra-red spectroscopy results. 
Particular attention is given to differences observed in the AIA and ASTM 
measures of pyritic sulfur. 
Comparison of Mounting Materials 
Selection of the proper mounting material is crucial to a successful 
automated image analysis. The need for contrast between the mounting 
material and the particles under study and other criteria of suitable 
mounting media were discussed in the section on Materials and Methods. 
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This section will present the results of work with three different 
materials: a conventional epoxy formulation, two polyethylene powders, 
and a styrene resin. Although this study deals primarily with the 
characterization of mineral particles in coal, the work with the polymers 
was included as relevant to future applications of image analysis to 
coal/mineral particle associations. The materials will be evaluated with 
regard to ease of preparation, adhesion to particles, dispersion of 
particles, and performance in the SEM. 
All three polymers stood up well to examination in the SEM at 
currents of 1-2 nA and accelerating voltages of 25 kV, the conditions 
used for backscattered electron imaging and X-ray analysis during AIA. 
However, the three polymers differed drastically in several other 
aspects, including the amount of contrast with coal particles. 
Photographs of coal samples embedded in the three different polymers are 
included as Figures 6-9 for the epoxy, polystyrene, and the two 
polyethylenes, respectively. 
Epoxy resin 
The epoxy resin seemed to be the easiest and quickest material to 
prepare, which confirms its choice as the preferred mounting medium for 
much embedding work. The epoxy required only the room temperature mixing 
of resin and hardener. No special cleanliness or precise measurements or 
critical timing was required to prepare satisfactory pellets. The epoxy 
produced hard pellets that were relatively easy to polish, and it 
exhibited exhibited good adhesion to the coal particles. 
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Figure 6. Coal and mineral particles embedded in epoxy resin. Back-
scattered electron imaging at 100 diameters magnification. 
Scale bar = 100 ym. Coal particles are practically 
indistinguishable from epoxy mounting medium 
Figure 7. Coal and mineral particles embedded in ultra-high molecular 
weight polyethylene resin. Backscattered electron imaging. 
Scale bar = 100 wm. Coal particles are light gray features 
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Figure 8. Coal and mineral particles embedded in 'Polythene' 
polyethylene resin. Backscattered electron imaging. Scale 
bar = 100 ym. Coal particles are light gray features 
Figure 9. Coal and mineral particles embedded in polystyrene resin. 
Backscattered electron imaging. Scale bar = 100 ym. Coal 
particles are light gray features 
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The epoxy seemed to be the best material for achieving random 
particle dispersions. The epoxy vas subject to some settling of 
particles during the curing period, as observed by manual examination 
vith an optical microscope. However, use of the epoxy resulted in less 
settling than did the styrene, due to higher initial viscosity and faster 
polymerization. 
The critical problem with utilizing the epoxy resin for AIA work is 
its relatively high atomic number factor. The atomic number factor of 
5.99 is nearly identical to that of approximately 5.95 for the coal 
particles. It is practically impossible to distinguish the epoxy from 
the coal particles in backscattered electron imaging by signal brightness 
alone. There is no realistic way for the automated image analyzer to 
differentiate between such similar intensities. 
Polyethylene powders 
The polyethylenes were the next simplest materials to prepare. 
Standard hot pressing procedures for thermoplastic materials were 
followed. Greater care was needed to achieve a uniform, random 
dispersion of coal particles. Coal and polymer particles were mixed well 
before being poured into the mold. Even so, the coal particles were not 
always well distributed in the hardened pellet. The polyethylene was not 
as hard, did not generally bond well to the coal and was more difficult 
to polish. 
The polyethylene pellets did not exhibit problems from settling of 
the particles. However, since the polyethylene pellets were formed by 
hot pressing a powder of approximately 100 mesh (147 pm), the 
polyethylene particles often forced the coal to be embedded as clusters 
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of particles rather than as separate particles, since it was practically 
impossible to mix the coal and polyethylene powders before pressing so 
that coal particles were not in contact. A higher fraction of 
polyethylene would permit separation of the coal particles but would 
reduce the fraction of coal and mineral particles on the surface of the 
finished pellet, thereby lengthening the analyses. 
The polyethylene did exhibit the greatest contrast with the coal. 
The atomic number factor of the polyethylene was 5.28 compared to the 
atomic number factor 5.95 for coal. The contrast was, thus, equal to 
0.67 atomic number units. Available backscattered electron detectors are 
able to distinguish differences of 0.1 atomic number units under ideal 
conditions according to Robinson et al. (1984). However, larger amounts 
of contrast than this are necessary to employ global thresholding for 
image analysis. A minimal difference of 0.9 atomic number factor units 
was found to be necessary for consistent thresholding on the LeMont image 
analyzer, in order to avoid errors from signal noise and sample artifacts 
such as cracks in the coal particles or holes in the embedding medium. 
Problems with surface texture following polishing may also restrict the 
use of the resin. Polishing artifacts can be severe enough to exceed the 
difference in signals due to atomic number factor. 
Polystyrene resin 
The polystyrene pellets were the most difficult to prepare. 
Polymerization was initiated in a hot water bath. The time at which the 
coal was mixed with the styrene and the time at which the mixture was 
cast into pellets were critical. Premature mixing of the coal and 
styrene resulted in severe settling of the coal and mineral particles. 
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Delayed mixing of the coal and styrene resulted in severe air entrainment 
and porous pellets. Further curing at elevated temperatures was also 
necessary for several hours. 
The styrene did produce hard pellets that were relatively easy to 
polish, and the resin exhibited good adhesion to the coal particles. 
The styrene did permit much settling of the coal particles due to 
the long curing time as well as the low initial viscosity. The settling 
would require that random vertical cross sections be used for analysis, 
instead of the commonly used random horizontal sections, to insure a 
representative analysis. 
The styrene has an atomic number factor of 5.61 offering a contrast 
of 0.34 atomic number units with the coal particles. The smoother 
surface after polishing resulted in fewer problems with edge effects and 
noise than did the polyethylene and allowed easier differentiation 
between the coal and styrene. However, the relatively small amount of 
contrast will make analyses difficult. Even small drifts in beam current 
would cause the coal and/or styrene signals to cross over the threshold 
intensity setting: 
Summary of polymer characteristics 
Table 13 summarizes the suitability of the three polymers for image 
analysis of coal particles. None of the polymers are satisfactory for 
image analysis of coal particles using global thresholding. The 
polyethylenes afforded the best contrast but had problems with clustering 
of coal particles and poor adhesion to the coal particles. Better 
pellets might be obtained from modified pelletization and polishing 
procedures. The polystyrene pellets suffered from severs settling of the 
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mineral particles during curing. Even with lower contrast, the styrene 
does have potential as a mounting media due to the better quality of 
polish and the better adhesion obtainable. The epoxy is not satisfactory 
owing to the lack of contrast. 
Table 13. Comparison of three polymers for embedding coal for AIA 
Epoxy Polystyrene Polyethylene 
Ease of 
preparation 
Good Difficult Good 
Adhesion to 
coal 
Good Good Poor 
Ease of 
polishing 
Good Good Poor 
Dispersion 
of coal 
Subject to 
some settling 
Subject to 
much settling 
Some 'clumping' 
of coal particles. 
No settling 
Contrast with 
coal particles 
0.04; 
None 
0.34; 
Fair 
0.67; 
Good 
The epoxy seemed to be the best polymer for preparation of pellets 
for mineral analysis due to the minimal particle settling. Therefore, 
the epoxy was used for most of the mineral analyses. 
Alternate contrast enhancement 
There are some preliminary indications that the backscattered 
electron intensity from the coal or the polymers might be increased by 
the introduction of heavier elements in order to produce sufficient 
contrast for AIA. Moza et al. (1978) described a technique for mixing 
barium methacrylate with the epoxy to raise the atomic number factor of 
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the epoxy, and thereby introduce contrast with the coal. The coal 
particles do indeed appear considerably darker than the epoxy in a 
backscattered electron image, but the increase in atomic number factor 
for the epoxy results in a reduction of the contrast between the coal and 
the minerals. For example, the atomic number factor of kaolinite is 
calculated as 10.2. An increase in the atomic number factor of the epoxy 
to 8.0 would permit discrimination between kaolinite, coal and epoxy, but 
may present problems in implementing AIA for association studies with one 
phase of interest brighter than the background and the other darker. 
In the current study, it has been observed that coal samples leached 
with nitric acid according to the ASTM procedure for determining forms of 
sulfur, stand out brighter than the epoxy in backscattered electron 
imaging. A photograph of a leached sample of Illinois No. 6 raw coal is 
included as Figure 10 to illustrate the degree of contrast observed. 
Measurement of the backscattered electron contrast for the leached coal 
and the epoxy was found to be 20% of the contrast between quartz and 
epoxy or 20% * (10.8-6.0) = 0.96 atomic number units. Wavelength-
dispersive X-ray analysis showed the oxygen peak for the leached coal was 
approximately twice the intensity of the oxygen peak in the raw coal. 
Thé nitrogen peak actually appeared reduced in the leached coal. This 
would indicate that the coal has been oxidized, resulting in a higher 
average atomic number and backscattered electron signal. However, the 
nitric acid treatment also dissolves sulfides, sulfates and carbonates, 
severely altering the original mineral matter composition. If it were 
possible to increase the average atomic number of the coal by introducing 
heavier atoms without altering the mineral distribution, it may be 
possible to differentiate the epoxy from coal during automated analyses. 
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Figure 10. Contrast between epoxy and nitric acid-leached coal 
particles. Backscattered electron imaging. Scale bar = 100 
ym. Coal particles are light gray features. Extensive 
cracking is noticeable 
An increase in atomic number without change in the mineral distribution 
might be possible using heavy metal staining techniques used for 
examination of biological specimens. Detailed research into the 
feasibility of such an approach is beyond the scope of this dissertation. 
Chemistry Definition File Development and Discussion 
Two methods for developing suitable chemistry definition files for 
coal mineral analysis are discussed in the following sections. The first 
technique developed broad category definitions from a priori knowledge of 
bulk chemical compositions for likely mineral phases in coal. Such 
knowledge of the compositions is available from the chemical formula for 
the phase or from mineral standards. The second method developed 
102 
chemical definitions from autoclassification of a sample of 1000 mineral 
particles taken from AIA results for an Illinois No. 6 coal. Definitions 
were formalized using the automatically created classes as a starting 
point. Guidelines for reviewing and revising chemistry definition files 
are also presented. 
A priori definition of categories 
The first technique began with writing definitions of elemental 
content to differentiate 20 minerals reportedly found in coal following 
the example of Huggins et al. (1980). Definitions were written and 
ordered in the broadest manner possible, consistent with proper 
classification using the chemical formula as a first estimate of the 
likely X-ray intensities. For example, the definition for kaolinite (a 
relatively pure alumino-silicate) was placed before the definition for 
illite and the other clay minerals. The kaolinite was defined to contain 
silicon, and a significant amount of aluminum to ensure that quartz 
particles would not be misclassified as kaolinite. Restrictions were 
placed on the amount of other elements present so that only trace amounts 
of elements beside aluminum and silicon could be present. Significant 
amounts of other elements caused the particle to be referred on to the 
following categories. Definitions for successive clay categories 
specified the presence of additional elements as appropriate. The final 
clay category was one designated "miscellaneous clays" for particles with 
sufficient aluminum and silicon present to suggest a clay identification, 
but not of a form matching any of the previous categories. 
The prototype file was tested against mineral samples and actual 
coal mineral particles. Host category definitions were adequate as 
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originally written. Some categories, particularly the clays, needed 
minor changes in the limits and elements present in order to properly 
classify the phases. Relative intensity limits most often needed to be 
adjusted to account for effects of the particular SEN and X-ray detector 
geometries used in this study. 
Alternatively, standard mineral samples could have been employed to 
determine the relative elemental intensities using the same regions-of-
interest and operating conditions as would be used for particle analysis. 
Relative intensity specifications could then have been written closer to 
the measured observed relative intensities while allowing for a small 
amount of leeway on either side of the average composition. Sufficient 
range should be defined to allow for random variation in elemental 
composition and observed X-ray intensities, but not so much as to admit 
chemically different phases. Such specifications are, of necessity, 
tailored to a specific SEM geometry and set of operating conditions. 
Changes in beam voltage, detector angle, or region-of-interest 
definitions would result in major changes in relative X-ray intensities. 
Corrections to initial drafts of the chemical definitions were 
needed to split apart categories found to contain more than one phase. 
Initially, chemical definitions had been written to account for the 
common coal minerals and were adequate for the analyses of many coals* 
However, the appearance of significant amounts of typically minor mineral 
phases (e.g., iron sulfate) can lead to erroneous results and the need 
for revisions in the chemical definitions. Therefore, it is best for 
chemistry definition files to include a comprehensive list of possible 
coal minerals. Also, if a particular phase is not initially included in 
104 
the set of definitions, it is likely that its omission will go undetected 
for a long time. 
In the case of iron sulfate, ASTH analyses shoved that some of the 
coals studied (e.g., the raw 200 mesh Pittsburgh sample) had a large 
amount of sulfatic sulfur. Gypsum (CaSO^ 2H2O) alone was not sufficient 
as a sulfate category in the AIA results to account for the sulfatic 
sulfur. Without an iron sulfate category, iron sulfate particles 
containing significant amounts of iron and sulfur would be classified as 
pyrite (or perhaps as a miscellaneous mineral). Pyrite contains 46% iron 
and 54% sulfur and has a density of 5.0 g/cc. However, the iron sulfate 
jarosite ((Na,K)Fe3(S0^)2(0H)g) contains about 33% iron and 12% sulfur 
with a density of about 3.0 g/cc. A misclassification would adversely 
affect the AIA results in three ways. First, the particle would be 
misclassified as pyrite, inflating the area proportion attributed to 
pyrite. Second, the particle would be weighted too greatly by the higher 
density of pyrite compared to jarosite. Third, the iron and sulfur 
content of the particle would be overestimated. The misclassification 
of a volumS of sulfate particles equivalent to 1% sulfatic sulfur would 
lead to an overestimation of the pyritic sulfur content at a level of 
about 7.5% (= 5.0/3.0 density ratio * 54%/12% sulfur ratio * 1% sulfatic 
sulfur) over that actually associated with pyrite particles. 
Autoclassification of sample mineral particles 
A second method of establishing a chemistry file was implemented in 
order to avoid problems introduced by incomplete knowledge of the mineral 
system. This second method used an autoclassification step as the 
beginning for the phase definition process. X-ray intensity data from 
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twenty elements for a thousand mineral particles of Illinois No. 6 coal 
were used to autoclassify the particles into mineral classes. New 
combinations of elements led to new major classes. Subclasses were 
defined within each major class based on the relative abundances of the 
elements present using eight levels of relative intensity. That is, a 
particle with sulfur present as 37.5% to 50% of the total X-ray intensity 
was subclassified separately from a particle with sulfur present as 50.0% 
to 62.5% of the total X-ray intensity. The autoclassification scheme 
allowed particles to be sorted 'naturally' without preconceived notions 
regarding likely mineral phases or their expected elemental compositions. 
This autoclassification was an attempt at emulating the function of 
cluster analysis such as described by Karcich et al. (1981). In cluster 
analysis, the centroids of clusters or groupings of elemental 
combinations are determined in n-space, where n is the number of elements 
being monitored. Cluster analysis is preferred to the simple 
autoclassification described above, given adequate computing resources. 
Cluster analysis would properly lump, as one group, mineral particles 
that may contain trace aacunts of a number of elements, but with the same 
basic chemistry. The major drawback of cluster analysis is the amount of 
computing power needed to perform an analysis on thousands of particles 
of many elements each. It is not a technique easily applied to on-line 
analysis. 
Cluster analysis is typically applied by analyzing stored data to 
determine the centroids of clusters of elemental compositions. The 
centroids can then be associated with a mineral name and used as patterns 
to match individual mineral particles against. For on-line analysis, 
mineral particles could be classified by finding the nearest cluster. 
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The autoclassification approach is easily implemented on mini­
computers and is suitable for on-line analysis. However, 
autoclassification, as implemented, causes a separate major class to be 
defined for each new combination of elements, even if such elements are 
present only in trace cunounts. The operator must then intervene and 
combine groups that properly belong to the same mineral. 
Such an autoclassification process was applied to a sample of coal 
mineral particles, and the results of the autoclassification were studied 
to find the natural breaks in the elemental distributions. Using the 
previous iron sulfate/iron sulfide example, two peaks were found in the 
distribution of the sulfur/iron ratios correlating with S/Fe=2.0 and with 
S/Fe=1.0. Categories for pyrite and iron sulfate were then defined using 
the point midway between the S/Fe peaks as the cutoff in the category 
definitions. Particles with iron X-rays accounting for more than 52.5% 
of the combined iron and sulfur X-ray intensity were classified as iron-
sulfate. Particles with less iron were classified as pyrite. 
The chemistry definitions were assembled in a similar manner as the 
first method by supplying the appropriate specifications, and ordering 
the categories to yield proper classification. The minimum number of 
specifications were used consistent with unambiguous phase definitions. 
Compositional limitations 
For both methods, it is necessary to determine the mineral forms 
present in the coal for another reason besides proper relative intensity 
classification. The classification schemes may be considered only 
"compositionally specific". Typically, the only information available to 
classify particles consists of the relative X-ray intensities for 
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elements of atomic number 10 (i.e., sodium), or greater. Use of a 
vindovless EDS detector or a wavelength-dispersive X-ray analyzer might 
extend that range to include elements heavier than boron (atomic number 
5). Even so, the classification is based on the relative abundance of 
the elements. Therefore, minerals with similar elemental compositions 
will be grouped into a common chemical category. For example, with the 
current X-ray analyzer, the minerals siderite (FeCOg), hematite (2^203), 
magnetite (Fe^O^), and metallic iron (Fe) would all be classified in the 
same chemical category since neither carbon nor oxygen are monitored. In 
another example, the minerals pyrrhotite (FeS) and the iron sulfates 
(FeSO^ nB^O) would be lumped together by the chemistry classification 
program. For such ambiguities, it is necessary to use another technique 
to determine the true identity of the mineral particles so that the 
chemical categories can be assigned the proper names, densities, and 
elemental compositions. 
Mineral phases may be identified in the bulk sample using X-ray 
diffraction. Individual mineral particles may also be identified using 
optical pétrographie techniques. Identification may also be accomplished 
in the SEM using the intensity of the backscattered electron image using 
a technique developed by Robinson et al. (1984). In that method, the 
intensity of the backscattered electron signal is used to determine the 
average atomic number of the phase which may be used in conjunction with 
EDS elemental data to infer the chemical formula. Such an approach may 
be a feasible addition to automated analysis. If stable measurements of 
the particle brightness can be added to the physical measurements of the 
features, then limits.on the brightness of the phases may be added to the 
chemical definitions to differentiate iron sulfide (FeS) and iron sulfate 
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(FeSO^ nH20), for example. 
Summary of chemistry file development 
In summary, the chemical definition file appeared to be best written 
following an autoclassification of actual coal mineral particles using 
the same instrumental parameters as used during image analysis. Formal 
rules were written defining the boundaries between mineral classes. 
Categories were ordered to sort out common mineral particles early in the 
definitions as much as possible without undue disturbances to the 
ordering of classes for proper classification. Class definitions were 
kept as broad as possible to allow for variation in average mineral 
composition and random fluctuation in X-ray intensities. Specific 
mineral definitions were followed by a set of miscellaneous categories to 
collect particles not fitting a defined mineral category. 
"Miscellaneous" particles were periodically evaluated to determine the 
need for new classes of particles or revisions to existing category 
definitions. The characteristics of the methods of developing a 
chemistry definition file are summarized in Table 14. 
Revision of chemistry definition files 
Several other principles relating to the application and refinement 
of chemistry definition files are discussed in the following section with 
particular application to coal minerals. 
The first point concerns the detection and correction of the 
chemistry definitions for a phase omitted in the original definitions. 
Misclassification can result when a phase is neglected during the initial 
generation of a chemistry file. In the example of iron sulfate mentioned 
previously, AIA results overestimated the iron sulfide (i.e., pyritic 
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Table 14. Comparison of four methods of generating chemical definitions 
Autoclassification by elemental sorting followed by formalization 
* Requires no prior knowledge of major mineral forms present given 
sufficient representative particles to define categories. 
* Could miss trace mineral phases not represented in the test mineral 
assemblage. 
* Will properly indicate separate categories for mineral particles 
containing the same elements but in different ratios. 
* Requires minimal computing power 
Autoclassification by cluster analysis followed by formalization 
* Requires no prior knowledge of major mineral forms present given 
sufficient representative particles to define categories. 
* Could miss trace mineral phases not represented in the test mineral 
assemblage. 
* Will properly indicate separate categories for mineral particles 
containing the same elements but in different ratios. 
* Requires extensive computing power to calculate clusters when many 
elements are monitored. 
A priori definition of loosely defined categories 
* Requires knowledge of likely coal minerals. 
* Requires knowledge of relative elemental compositions of the minerals. 
* Will not likely misclassify particles due to random variations in 
elemental composition. 
* Can be prone to lumping mineral phases of differing relative elemental 
intensities. 
A priori definition of tightly defined categories 
* Requires knowledge of likely coal minerals. 
* Requires knowledge of relative elemental compositions of the minerals. 
* Can misclassify particles due to random variations in elemental 
composition. 
* Is not likely to lump mineral phases of differing relative elemental 
intensities. 
sulfur) content in comparisons with results of forms of sulfur analyses 
based on ASTM procedures. It was noted that if significant amounts of 
iron and sulfur-bearing particles were iron sulfate, then correction of 
the chemistry file would lead to markedly improved agreement between AIA 
and ASTM results. A detailed study of the iron-sulfur stoichiometry in 
the mineral particles was performed. A chemistry file was written to 
separate out the iron and sulfur-bearing particles. The resulting 
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distribution of iron-to-sulfur ratios vas used to establish limits for an 
iron sulfate class that vas incorporated into the chemistry definition 
file. The details of this categorization procedure are presented in 
Appendix C. 
A need to edit the chemistry definition file is also indicated vhen 
the contents of the "silicates" or "miscellaneous" categories become 
excessive. The contents of these categories may increase for several 
reasons. The first reason for an increase is a real change in the 
chemistry of the mineral matter with a change in the coal sample. 
Perhaps the new clay chemistry differs significantly from the clay 
chemistry used to define the category. The new clay might be rejected 
from classification as being a particular clay, but collected as a 
"mixed-clay" or as simply a "silicate." Also, coal cleaning processes 
may lead to significant changes in mineral chemistry so that the old 
definitions are no longer adequate. 
A second reason for an increase in "silicates" or "miscellaneous" 
particles would be an apparent change in the relative intensities due to 
a change in SEM operating conditions such as accelerating voltage or 
detector geometry. The relative intensity changes significantly with 
these factors in particular so that all mineral definitions should be 
checked and adjusted to the new operating conditions. 
A third possible reason for an increase in miscellaneous particles 
is the appearance of a new mineral phase. A mineral phase might have 
been omitted from the original definitions as inconsequential, but may 
appear in significant amounts in certain coal samples. Also, new mineral 
phases may appear following processing. For example, heavy media 
separations using slurries of magnetite (FegO^) in water may result in 
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magnetite contamination of the clean coal, or chemical cleaning processes 
may result in the formation of new phases. For a properly designed 
chemistry file, the definitions on the existing categories should be 
sufficiently stringent to prevent misclassification of the new phase into 
one of the existing categories, and the only possible classification for 
the new phase would be with other "miscellaneous" phases. 
There is no simple rule for what constitutes an excessive level of 
"silicates" or "miscellaneous" particles. This author has tentatively 
judged amounts of 5% or less as acceptable and 10% or more as 
unacceptable, as weight fractions of the mineral matter. The chemical 
summaries of these categories are checked periodically to determine which 
particles, if any, could be classified into another, more descriptive 
category. Should the contents of the categories exceed 10% of the 
mineral matter, it is quite likely that some significant class of 
particles is being classified as miscellaneous and could be extracted 
into a class of its own. Seldom is there a need for extensive 
examination of the miscellaneous categories once a working chemistry file 
has been constructed= Most of the changes that are needed are minor and 
relate to such effects as minor changes in the relative intensities for 
the major elements, or interference from elements such as organic sulfur 
in the coal matrix. 
To summarize, there are indications to modify the chemistry file 
when AIA results do not match other reliable mineralogical or elemental 
analyses either in magnitude, or phase identifications. Modifications 
are in order if analysis of the AIA chemical summaries indicates bimodal 
heterogeneity in the chemistry for any single chemical class, such as was 
the case with iron sulfide and sulfate. Modifications are certainly in 
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order if large amounts of particles can be classified only as 
"miscellaneous." 
It is a relatively simple matter to correct a chemistry definition 
once the need for a change is indicated. Should a phase be missing from 
the analysis, it is a straightforward procedure to step through the 
chemistry file comparing the relative intensities for the new phase with 
the category definitions until a match is found. If the match is not 
appropriate, additional specifications are necessary to 'teach' the 
chemistry file why the classification is inappropriate. For example, if 
gypsum particles were being classified as calcite because they contained 
a large amount of calcium, it would be necessary to either restrict the 
amount of sulfur allowed for calcite particles, or to place the gypsum 
definition before the calcite definition to collect those particles 
containing calcium and sulfur. A warning is in order that due to the 
sequential nature of the sorting employed in the LeMont Scientific 
software, a change in the early chemical definitions can have great 
impact on the successive particle contents. Care should also be 
exercised not to permit the initial categories to be too broad. 
ÂIA Results 
ÂIÀ was applied to six raw coals and seven processed coals from two 
different cleaning processes to determine first, the mineral distribu­
tions by size and mineral phase, and second, to compare those mineral 
distributions as influenced by sample source and processing. 
AIA weight fraction estimation 
The next few paragraphs describe the format of the AIA results and 
provide examples of the procedures used to convert raw data to estimates 
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of weight fraction of dry coal with associated error estimates. The 
procedure for correcting the weight distribution is demonstrated first, 
followed by estimation of the errors from the particle counts. 
Raw weight fraction data Table 15a presents a sample output of 
an AIA weight fraction distribution for the raw Illinois No. 6 200x0 mesh 
coal. The table is taken directly from the output of the AIA program 
without corrections. The data in Table 15a have yet to be corrected to a 
consistent area base. 
Correction for analysis area The raw data of Table 15a are 
corrected to a consistent area base by using the correction procedure 
described previously in the section on partitioned analyses. For this 
particular sample, 69.26 times more pellet area was analyzed for 
particles larger than 21 yra than for particles in the 0-4 ym size range; 
11.89 times more pellet area was analyzed for particles larger than 21 jjm 
than for particles in the 4-7 ym size range; and 3.02 times more pellet 
area was analyzed for particles larger than 21 ym than was analyzed for 
the 7-21 ym size range. Those factors were multiplied times the 
appropriate columns of raw weight fraction data in Table 15a to correct 
to a consistent area base. Also, the contribution of no/low X-ray 
particles was removed from the table, if present, by setting all the 
entries for that row to zero. The no/low X-ray category was designed to 
collect features that are artifacts of the image analysis and are not 
actual mineral particles, therefore, it is not to be included in the 
mineral distribution. Typically the no/low X-ray category accounts for a 
small amount of the particles analyzed. If it accounts for a significant 
amount of the mineral particles, then there is something wrong with the 
analysis procedure. Table 15b presents the data of Table 15a after 
114 
Table 15a. Raw mineral matter distribution data for Illinois No. 6 
200x0 mesh raw coal. Weight distribution of mineral matter 
as a function of area-equivalent diameter in microns 
Chemistry\Size (pm) < 4 < 7 < 12 < 21 < 36 > 36 Totals 
No/low Xray^ 0.591 
Iron Sulfate 0.015 0.059 0.167 0.295 0.938 1.896 3.370 
Pyrite 0.128 0.956 2.240 3.559 11.914 19.328 38.125 
Pyrite & Misc. 0.018 0.053 0.120 0.078 0.279 0.112 0.659 
Kaolinite 0.177 1.080 1.514 1.258 2.770 4.542 11.341 
Illite 0.036 0.344 0.690 0.635 2.406 4.704 8.815 
Montmorilloni te 0.001 0.010 0.015 0.041 0.051 0.000 0.117 
Chlorite 0.046 0.245 0.364 0.189 0.743 1.475 3.062 
Mixed Clay 0.016 0.081 0.146 0.068 0.220 0.626 1.157 
Quartz 0.257 1.512 2.571 2.093 4.564 10.265 21.262 
Gypsum 0.005 0.024 0.044 0.017 0.036 0.000 0.126 
Apatite 0.003 0.013 0.034 0.037 0.071 0.626 0.784 
Dolomite 0.000 0.002 0.007 0.000 0.116 0.000 0.125 
Calcite 0.009 0.067 0.299 0.266 1.971 5.243 7.856 
Iron-rich 0.006 0.058 0.051 0.085 0.090 0.336 0.626 
Silicates 0.017 0.049 0.166 0.073 0.593 0.489 1.387 
Miscellaneous 0.005 0.027 0.064 0.051 0.230 0.220 0.598 
Totals 0.739 4.581 8.494 8.743 26.991 49.861 99.409 
®The weight of NO/LOW XRAY particles is not classified by size in 
order to conserve computer memory for other categories. 
correction to a consistent area base and the removal of the no/low X-ray 
category. 
Normalization to percent of mineral matter The corrected table 
is then normalized to 100% to express weight fractions as percentages of 
the mineral matter. Such a corrected and normalized table is presented 
as Table 15c. 
Normalization to percent of dry coal The weight fraction of 
mineral matter values are then normalized to the mineral matter content 
of the dry coal using estimates of the mineral matter content determined 
either from the weight of low temperature ash, or from using ÀSTH ash and 
pyritic sulfur measurements to estimate the mineral matter fraction with 
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Table 15b. Corrected mineral matter distribution data for Illinois No. 6 
200x0 mesh raw coal. Weight distribution of mineral matter 
as a function of area-equivalent diameter in microns. Data 
were corrected to a common area base by multiplying weight 
fractions in the raw data table by the ratio of the total 
analysis area to the area analyzed for that size range. Area 
correction factors were 69.26 for column 1, 11.89 for column 
2, 3.02 for columns 3 and 4, and 1.00 for columns 5 and 6 
ChemistryNSize (ym) < 4 < 7 < 12 < 21 < 36 > 36 Totals 
No/low X-ray 0. 000 0. 000 0. 000 0. 000 0. 000 0. 000 0. 000 
Iron Sulfate 1. 025 0. 699 0. 504 0. 893 0. 938 1. 896 5. 956 
Pyrite 8. 845 11, 371 6. 777 10. 765 11. 914 19. 328 68. 998 
Pyrite & Misc. 1. 226 0, 634 0. 362 0. 237 0. 279 0. 112 2. 848 
Kaolinite 12. 266 12. 845 4. 580 3. 804 2. 770 4. 542 40. 807 
Illite 2. 493 4. 088 2, 088 1. 920 2. 406 4. 704 17. 700 
Hontmorillonite 0. 062 0. 115 0. 045 0. 123 0, 051 0. 000 0. 397 
Chlori te 3. 158 2. 913 1. 102 0. 573 0. 743 1. 475 9. 963 
Mixed Clay 1. 122 0. 968 0. 442 0. 204 0. 220 0. 626 3. 582 
Quartz 17 .807 17 978 7. 776 6. 332 4 .564 10, 265 64. 722 
Gypsum 0 .332 0 .284 0. 135 0. 053 0 .036 0. 000 0. 839 
Apatite 0 .187 0 152 0. 104 0. 111 0 071 0. 626 1. 251 
Dolomite 0 .000 0 .018 0. 022 0. 000 0 .116 0. 000 0. 157 
Calci te 0 .658 0 .800 0 .905 0. 803 1 .971 5. 243 10. 380 
Iron-rich 0 .450 0 .690 0 .155 0. 256 0 .090 0 .336 1. 976 
Silicates 1 .164 0 .586 0 .502 0. 220 0 .593 0 .489 3. 554 
Miscellaneous 0 .360 0 .319 0 .195 0. 155 0 .230 0 .221 1. 479 
Totals 51 .155 54 .459 25 .693 26. 448 26 .991 49 .861 234. 608 
3. modified Parr formula as suggested by Given and Yarzab (1978). For 
this study, all mineral matter values were estimated from the ASTM 
measurements. A value of 19.32% (Table 1) was used as the estimate of 
mineral matter content for the Illinois 6 coal in this example. The data 
normalized to weight fraction of dry coal are presented as Table 15d. 
Presenting AIA data as percent of dry coal allows mineral matter in 
different samples to be compared, either between two different coals, or 
as a function of processing. 
Tables of the mineral distributions expressed as weight percent of 
dry coal (i.e., corresponding to Table 15d) will be presented for the six 
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Table 15c. Mineral matter distribution data for Illinois No. 6 200x0 
mesh rav coal normalized to 100%. Weight distribution of 
mineral matter as a function of area-equivalent diameter in 
microns. Data represents weight fractions as percent of 
mineral matter 
Chemistry\Size (ym) < 4 < 7 < 12 < 21 < 36 > 36 Totals 
Iron Sulfate 0. 437 0. 298 0. 215 0. 381 0, 400 0, 808 2. 539 
Pyrite 3. 770 4. 847 2. 888 4. 588 5. 078 8. 238 29. 410 
Pyrite & Misc. 0. 522 0. 270 0. 154 0. 101 0. 119 0. 048 1. 214 
Kaolinite 5. 228 5. 475 1. 952 1. 621 1. 181 1. 936 17. 394 
Illite 1. 063 1. 743 0, 890 0. 818 1. 025 2. 005 7. 545 
Montmorilloni te 0. 027 0. 049 0. 019 0. 053 0. 022 0. 000 0. 169 
Chlorite 1. 346 1. 242 0. 470 0. 244 0. 317 0, 628 4. 247 
Mixed Clay 0. 478 0. 412 0. 189 0. 087 0. 094 0. 267 1. 527 
Quartz 7. 590 7. 663 3. 315 2 699 1. 945 4. 375 27. 587 
Gypsum 0. 142 0. 121 0. 057 0 .022 0, 015 0. 000 0. 358 
Apatite 0. 080 0. 065 0. 044 0. 047 0. 030 0. 267 0. 533 
Dolomi te 0 .000 0 .008 0 .009 0 .000 0 .050 0. 000 0. 067 
Calcite 0 .280 0 .341 0 .386 0 .343 0 .840 2. 235 4. 425 
Iron-rich 0 .192 0 .294 0 .066 0 .109 0 .038 0. 143 0. 842 
Silicates 0 .496 0 .250 0 .214 0 .094 0 .253 0. 208 1. 515 
Miscellaneous 0 .154 0 .136 0 .083 0 .066 0 .098 0 .094 0. 630 
Totals 21 .805 23 .213 10 .952 11 .273 11 .505 21 .253 100. 000 
raw and seven cleaned coal samples analyzed. The raw data tables (i.e., 
corresponding to Table 15a), and the corrected and normalized tables 
(i.e., corresponding to Table 15c) which were used to arrive at the 
distributions as weight fraction of dry coal are contained in Appendices 
D and £ for the physically-cleaned and chemically-cleaned coals, 
respectively. 
AIA error estimation 
The variability in the AIA results may be estimated using the number 
of features counted in any particular size-mineral category. The steps 
that led to those tables are illustrated here in Tables 16a-c for the 
Illinois No. 6 raw coal. Table 16a contains the number of particles 
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Table 15d. Mineral matter distribution data for Illinois No. 6 200x0 
mesh raw coal expressed on a dry coal basis. Weight 
distribution of mineral matter as a function of area-
equivalent diameter. The table was normalized to the mineral 
matter content of the dry coal 
Chemistry\Size (ym) < 4 < 7 < 12 < 21 < 36 > 36 Totals 
Iron Sulfate 0.084 0.058 0.042 0.074 0.077 0.156 0.490 
Pyrite 0.728 0.936 0.558 0.886 0.981 1.592 5.682 
Pyrite & Misc. 0.101 0.052 0.030 0.019 0.023 0.009 0.235 
Kaolinite 1.010 1.058 0.377 0.313 0.228 0.374 3.360 
Illite 0.205 0.337 0.172 0.158 0.198 0.387 1.458 
Montmorillonite 0.005 0.009 0.004 0.010 0.004 0.000 0.033 
Chlorite 0.260 0.240 0.091 0.047 0.061 0.121 0.820 
Mixed Clay 0.092 0.080 0.036 0.017 0.018 0.052 0.295 
Quartz 1.466 1.481 0.640 0.521 0.376 0.845 5.330 
Gypsum 0.027 0.023 0.011 0.004 0.003 0.000 0.069 
Apatite 0.015 0.013 0.009 0.009 0.006 0.052 0.103 
Dolomite 0.000 0.001 0.002 0.000 0.010 0.000 0.013 
Calcite 0.054 0.066 0.075 0.066 0.162 0.432 0.855 
Iron-rich 0.037 0.057 0.013 0.021 0.007 0.028 0.163 
Silicates 0.096 0.048 0.041 0.018 0.049 0.040 0.293 
Miscellaneous 0.030 0.026 0.016 0.013 0.019 0.018 0.122 
Totals 4.213 4.485 2.116 2.178 2.223 4.106 19.320 
analyzed as distributed among the mineral phases and size classes. For 
example, 238 particles were counted as pyrite in the 4-7 ym size range. 
Table 16b presents the results of calculating the relative error in the 
MA results as two times the relative standard deviation (i.e., a working 
error at approximately the 95% confidence level), where the relative 
standard deviation was estimated as one over the square root of the 
counts (equation 9). Therefore, the relative error for the 4-7 ym size 
range of pyrite is 13% (= 2//238 * 100%). Entries in the 'Totals' column 
were calculated using data from the 'Totals' column of the next table, 
Table 16c, divided by the total amount of that mineral for all sizes 
taken from the 'Totals' column of Table 15d. Considering the mineral 
pyrite, the total pyrite fraction for all size ranges was reported as 
118 
Table 16a. AIA count distribution for Illinois No. 6 200x0 mesh raw 
coal. Distribution of particle counts by mineral and area-
equivalent diameter 
ChemistryNSize (ym) < 4 < 7 < 12 < 21 < 36 > 36 Totals 
Iron Sulfate 12 22 21 13 16 8 92 
Pyrite 61 238 184 90 112 40 725 
Pyrite & Misc. 15 26 17 3 6 1 68 
Kaolinite 160 515 244 69 51 18 1057 
Illite 31 145 103 33 41 13 366 
Montmorilloni te 1 6 3 2 1 0 13 
Chlori te 36 103 54 10 11 4 218 
Mixed Clays 15 41 24 5 5 4 94 
Quartz 232 713 415 113 85 28 1586 
Gypsum 5 15 9 1 1 0 31 
Apatite 2 5 5 1 1 1 15 
Dolomite 0 1 1 0 2 0 4 
Calcite 8 28 43 14 32 11 136 
Iron-rich 5 25 8 4 2 1 45 
Silicates 15 25 24 4 10 3 81 
Mis cellaneous 5 14 13 4 4 2 42 
Totals 603 1922 1168 366 380 134 4573 
5.68 in Table 15d. The absolute error vas reported as 0.616% in Table 
16c. Therefore, the relative error was calculated as 10.8% (= 0.616/5.68 
* 100%) and was reported in the 'Totals' column of Table 16b. 
Table 16c presents the absolute error in the AIA determinations 
expressed as weight percent of dry coal, and is derived by multiplying 
the weight fractions of Table 15d by the relative errors in Table 16b. 
For example, pyrite in the 4-7 wm size range was measured to be 0.94% of 
the dry coal. The absolute error was calculated to be 0.12% (= 13% * 
0.94%). The values in the 'Totals' column were calculated as the root of 
the sum of the squared errors for the row (e.g., the error in the total 
pyrite content is 0.62% = (0.19^ + 0.12^ + 0.08^ + 0.19^ + 0.18^ + 
0.502)0"5). 
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Table 16b. Relative confidence limits for AIÀ results for Illinois No. 6 
200x0 mesh raw coal. Limits were computed as two over the 
square root of the counts and are displayed as percent 
Chemistry\Size (ym) < 4 < 7 < 12 < 21 < 36 > 36 Totals 
Iron Sulfate 57.7 42.6 43.6 55.5 50.0 70.7 27.9 
Pyrite 25.6 13.0 14.7 21.1 18.9 31.6 10.8 
Pyrite & Misc. 51.6 39.2 48.5 115.5 81.6 200.0 29.1 
Kaolinite 15.8 8.8 12.8 24.1 28.0 47.1 8.3 
Illite 35.9 16.6 19.7 34.8 31.2 55.5 17.2 
Montmorilloni te 200.0 81.6 115.5 141.4 200.0 — —• — 63.6 
Chlorite 33.3 19.7 27.2 63.2 60.3 100.0 20.1 
Mixed Clays 51.6 31.2 40.8 89.4 89.4 100.0 26.8 
Quartz 13.1 7.5 9.8 18.8 21.7 37.8 7.8 
Gypsum 89.4 51.6 66.7 200.0 200.0 — — —  43.5 
Apatite 141.4 89.4 89.4 200.0 200.0 200.0 104.9 
Dolomi te — 200.0 200.0 — — —  141.4 — — — 107.7 
Calcite 70.7 37.8 30.5 53.5 35.4 60.3 32.0 
Iron-rich 89.4 40.0 70.7 100.0 141.4 200.0 44.8 
Silicates 51.6 40.0 40.8 100.0 63.2 115.5 27.6 
Miscellaneous 89.4 53.5 55.5 100.0 100.0 141.4 38.5 
Totals 8.1 4.6 5.9 10.5 10.3 17.3 
Tables of the absolute error corresponding to Table 16c will be 
presented with the weight fraction distributions for the six raw coal and 
seven cleaned coal samples analyzed. Tables of the count, relative 
standard deviation, and absolute standard deviation distributions that 
were used to arrive at the error estimates are contained in Appendices F 
and G for the physically-cleaned and chemically-cleaned coals, 
respectively. Note that the data presented in Tables F-lb through 8b, F-
Ic through 8c, G-lb through 5b, and G-lc through 5c should be multiplied 
by two to put these data on a comparable basis to that of Tables 16b and 
c (i.e., a working error at approximately the 95% confidence level). 
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Table 16c. Absolute confidence limits for AIA results for Illinois No. 6 
200x0 mesh raw coal. Limits are expressed as weight percent 
of dry coal. Values were calculated as the weight fraction 
times two over the square root of the counts (i.e., weight 
fraction times the relative error) 
ChemistryXSize (vm) < 4 < 7 < 12 < 21 < 36 > 36 Totals 
Iron Sulfate 0.049 0.025 0.018 0.041 0.039 0.110 0.137 
Pyrite 0.186 0.121 0.082 0.187 0.185 0.503 0.616 
Pyrite & Misc. 0.052 0.020 0.014 0.023 0.019 0.018 0.067 
Kaolin!te 0.160 0.093 0.048 0.075 0.064 0.176 0.278 
Illite 0.074 0.056 0.034 0.055 0.062 0.215 0.251 
Hontmorillonite 0.010 0.008 0.004 0.014 0.008 — —  —  0.021 
Chlorite 0.087 0.047 0.025 0.030 0.037 0.121 0.165 
Mixed Clays 0.048 0.025 0.015 0.015 0.016 0.052 0.079 
Quartz 0.193 0.111 0.063 0.098 0.082 0.319 0.414 
Gypsum 0.025 0.012 0.007 0.009 0.006 —  —  —  0.030 
Apatite 0.022 0.011 0.008 0.018 0.012 0.103 0.108 
Dolomite -!• - —- 0.003 0.004 -1 — 0.014 — — — 0.014 
Calcite 0.038 0.025 0.023 0.035 0.057 0.260 0.274 
Iron-rich 0.033 0.023 0.009 0.021 0.010 0.055 0.073 
Silicates 0.049 0.019 0.017 0.018 0.031 0.047 0.081 
Miscellaneous 0,027 0.014 0.009 0.013 0.019 0.026 0.047 
Totals 0.343 0.205 0.124 0.228 0.228 0.709 
Plots of mineral distributions 
Due to the preponderance of numbers in the above tables of size and 
chemical distribution, it is often easier to discern trends in the 
distributions by presenting data in graphical form. Figure 11 is an 
example plot of the weight distribution of the dominant minerals in the 
Illinois No. 6 coal sample. The weight fractions are taken from Table 
15d for the minerals pyrite, illite, and quartz. The graph also includes 
error bars for each of the points using the data of Table 16c. The error 
bars represent ±2 standard deviations, where the relative standard 
deviations were calculated as one over the square root of the number of 
particles observed in a category. For example, the weight fraction of 
pyrite in the 4-7 ym size range was measured to be 0.94% (Table 15d), and 
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Figure 11. Example plot of the weight distribution of major minerals in 
Illinois No. 6 200x0 mesh raw coal with error bars. Error 
bars indicate the possible range of weight fractions at the 
95% confidence level. 
the error was estimated to be ±0.12% (Table 16c). 
Evaluation of AIA data 
The following guidelines are offered as suggestions in how to 
extract the relevant information from the tables of AIA results for 
individual coals. The first step is to check the totals column for the 
significant mineral categories, such as pyrite, kaolinite, illite, 
quartz, and calcite. The dominant mineral phases should generally agree 
with previous analyses for the sample. Next, trace mineral phases should 
be examined as they might be of interest to the coal character. The 
miscellaneous categories (i.e., 'miscellaneous', 'silicates', 'mixed-
clays', etc.) should be examined to insure that large amounts of minerals 
are not slipping through the chemical definitions without reason. If 
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they are slipping through the defined mineral categories, it may be due 
to improper chemical definitions for the experimental conditions or new 
mineral phases. It is generally advisable to study the chemistry of the 
miscellaneous categories to check for mineral phases that might be 
separated out using a modified chemistry definition file. 
Potential applications of AIA phase information are the use of the 
pyrite content as an alternate measure of the pyritic sulfur content. 
Calcite content may be considered as to the effect of the limestone as a 
sulfur sorbent. Illite and montmorillonite may be of interest as they 
contain the alkali metals potassium and sodium that have been linked to 
boiler fouling. Other minerals may be scrutinized for effects related to 
particular applications. 
Finally, the size distribution of the mineral phases noted above may 
be studied as it relates to the behavior of the coal. The distribution 
of minerals by size and chemistry allows the grinding performance of a 
sample to be estimated. Samples with larger particles of hard minerals 
may be expected to result in accelerated equipment wear compared to 
samples vith smaller or 'softer' mineral particles. Cleanability of the 
sample may be estimated from the size distribution of the mineral phases 
because it will generally be easier to remove larger particles of 
minerals rather than smaller ones. 
Data for physically-cleaned coals 
Tables 17a-24b present the mineral matter distributions as evaluated 
by AIA for the raw and physically-cleaned samples of Illinois, 
Pittsburgh, Adaville, and Dietz coals. Two tables are presented for each 
coal. The first table for each sample (i.e., the "a" series for Tables 
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17-24) presents the distribution of mineral matter expressed as weight 
fraction of dry coal (i.e., corresponding to Table 15d). Raw weight 
fraction data (of Appendix D) were processed in the same manner as 
illustrated by Tables 15a-d. Mineral matter estimates used for 
normalizing the distribution to percent of dry coal were taken from Table 
1 (e.g., 19.32% for the raw Illinois coal). The raw data tables (i.e., 
corresponding to Table 15a) and intermediate tables of the mineral 
distribution expressed as weight percent of mineral matter content (i.e., 
corresponding to Table 15c) are contained in Appendix D. 
The second table for each sample (i.e., the "b" series for Tables 
17-24) contains the variability data for each size-mineral category 
(i.e., corresponding to Table 16c). The values represent estimates of 
working error in the results and were calculated as two times the weight 
fraction divided by the square root of the count for the category 
fallowing the procedure demonstrated in Tables 16a-c. The tables of 
count distributions (i.e., corresponding to Table 16a) and of relative 
standard deviations are contained in Appendix F. 
Tables 17a and 17b represent the same data tabulated in Tables 15d 
and 16c. The data are reproduced as Tables 17a and 17b to present the 
weight and variability data side by side with the results for the other 
samples of raw and physically-cleaned coals. 
The size distributions of the dominant mineral forms for Tables 17-
24 are plotted in Figures 12-19. Size distributions of four or five 
minerals were plotted for each coal. Error bars were not included in the 
graphs since the bars often overlapped and it was difficult to sort out 
the extent of any particular bar. The error limits for the data points 
can be read for the appropriate mineral-size category from the 
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corresponding table of error limits (e.g., Figure 12 is a plot of weight 
fraction data contained in Table 17a and the associated error limits are 
tabulated in Table 17b). 
Figure 12 plots similar data to that plotted in Figure 11. The 
differences are that Figure 11 contains the size distribution with error 
bars for only three minerals, whereas Figure 12 contains the 
distributions for five minerals while omitting the error bars. The error 
limits may be read from Table 17b. 
Data for chemically-processed coals 
Tables 25a-29b present the mineral matter distributions as evaluated 
by AIA for the raw and chemically-cleaned samples of Illinois and 
Pittsburgh coals. Two tables are presented for each coal. The first 
table for each sample (i.e., the "a" series for Tables 25-29) presents 
the distribution of mineral matter expressed as weight fraction of dry 
coal (i.e., corresponding to Table 15d). Raw weight fraction data (of 
Appendix E) were processed in the same manner as illustrated by Tables 
15a-d. Mineral matter estimates used for normalizing the distribution to 
percent of dry coal were taken from Tables 2 and 3 (i.e., 10.92% and 
12.00% for the raw Illinois and Pittsburgh coals, respectively). The 
ASTM ash determinations were used directly to estimate the mineral matter 
content of the processed coals (i.e., 0.53%, 29.22%, and 1.00% for the 
processed Illinois coal, and the partially- and completely-processed 
Pittsburgh coals, respectively). The chemical treatment was so severe 
that assumptions about the mineral matter used in the formula for 
estimating mineral matter content were no longer expected to be valid. 
The raw data tables (i.e., corresponding to Table 15a) and intermediate 
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Table 17a. ÂIA results for Illinois No. 6 200x0 mesh raw coal. 
Distribution of minerals by phase and area-equivalent 
diameter, expressed as weight percentage of dry coal 
ChemistryXSize (um) < 4 < 7 < 12 < 21 < 36 > 36 Totals 
Iron Sulfate 0.08 0.06 0.04 0.07 0.08 0.16 0.49 
Pyrite 0.73 0.94 0.56 0.89 0.98 1.59 5.68 
Pyrite & Misc. 0.10 0.05 0.03 0.02 0.02 0.01 0.23 
Kaolinite 1.01 1.06 0.38 0.31 0.23 0.37 3.36 
Illite 0.21 0.34 0.17 0.16 0.20 0.39 1.46 
Hontmorillonite 0.01 0.01 0.00 0.01 0.00 0.00 0.03 
Chlori te 0.26 0.24 0.09 0.05 0.06 0.12 0.82 
Mixed Clays 0.09 0.08 0.04 0.02 0.02 0.05 0.29 
Quartz 1.47 1.48 0.64 0.52 0.38 0.85 5.33 
Gypsum 0.03 0.02 0.01 0.00 0.00 0.00 0.07 
Apatite 0.02 0.01 0.01 0.01 0.01 0.05 0.10 
Dolomite 0.00 0.00 0.00 0.00 0.01 0.00 0.01 
Calci te 0.05 0.07 0.07 0.07 0.16 0.43 0.85 
Iron-rich 0.04 0.06 0.01 0.02 0.01 0.03 0.16 
Silicates 0.10 0.05 0.04 0.02 0.05 0.04 0.29 
Miscellaneous 0.03 0.03 0.02 0.01 0.02 0.02 0.12 
Totals 4.21 4.48 2.12 2.18 2.22 4.11 19.32 
Table 17b. Precision in ÂIA results for Illinois No. 6 200x0 mesh raw 
coal. Calculated as two times the weight fraction divided by 
the square root of the particle count. 
ChemistryXSize (um) < 4 < 7 < 12 < 21 < 36 > 36 Totals 
Iron Sulfate 0.049 0.025 0.018 0.041 0.039 0.110 0.137 
Fyri te 0-1S6 0 = 121 0.082 0.187 0.185 0.503 0.616 
Pyrite & Misc. 0.052 0.020 0.014 0.023 0.019 0.018 0.067 
Kaolinite 0.160 0.093 0.048 0.075 0.064 0.176 0.278 
Illite 0.074 0.056 0.034 0.055 0.062 0.215 0.251 
Hontmorillonite 0.010 0.008 0.004 0.014 0.008 • • • 0.021 
Chlorite 0.087 0.047 0.025 0.030 0.037 0.121 0.165 
Mixed Clays 0.048 0.025 0.015 0.015 0.016 0.052 0.079 
Quartz 0.193 0.111 0.063 0.098 0.082 0.319 0.414 
Gypsum 0.025 0.012 0.007 0.009 0.006 — ^ — 0.030 
Apatite 0.022 0.011 0.008 0.018 0.012 0.103 0.108 
Dolomite — — —  0.003 0.004 — — "  0.014 0.014 
Calcite 0.038 0.025 0.023 0.035 0.057 0.260 0.274 
Iron-rich 0.033 0.023 0.009 0.021 0.010 0.055 0.073 
Silicates 0.049 0.019 0.017 0.018 0.031 0.047 0.081 
Miscellaneous 0.027 0.014 0.009 0.013 0.019 0.026 0.047 
Totals 0.343 0.205 0.124 0.228 0.228 0.709 
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Table 18a. AIA results for Illinois No. 6 200x0 mesh coal floated at 1.3 
specific gravity. Distribution of minerals by phase and 
area-equivalent diameter, expressed as weight percentage of 
dry coal 
Chemistry\Size (ym) < 4 < 7 < 12 < 21 < 36 > 36 Totals 
Iron Sulfate 0.01 0.01 0.01 0.02 0.04 0.00 0.08 
Pyrite 0.16 0.26 0.41 0.21 0.02 0.00 1.07 
Pyrite & Misc. 0.01 0.01 0.01 0.01 0.00 0.00 0.03 
Kaolinite 0.15 0.19 0.10 0.03 0.04 0.00 0.51 
Illite 0.06 0.08 0.09 0.07 0.00 0.00 0.30 
Montmorillonite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Chlorite 0.01 0.01 0.01 0.00 0.00 0.00 0.03 
Mixed Clays 0.02 0.01 0.01 0.00 0.00 0.00 0.04 
Quartz 0.21 0.23 0.21 0.11 0.03 0.00 0.78 
Gypsum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Apatite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Dolomite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Calcite 0.00 0.00 0.01 0.00 0.00 0.00 0.02 
Iron-rich 0.01 0.00 0.00 0.01 0.00 0.00 0.03 
Silicates 0.03 0.02 0.02 0.01 0.00 0.00 0.08 
Miscellaneous 0.03 0.03 0.01 0.00 0.00 0.00 0.07 
Totals 0.70 0.86 0.89 0.47 0.13 0.00 3.05 
Table 18b. Precision in AIA results for Illinois No. 6 200x0 mesh coal 
floated at 1.3 specific gravity. Calculated as two times the 
weight fraction divided by the square root of the particle 
count 
Chemistry\Size (ym) < 4 < 7 < 12 < 21 < 36 > 36 Totals 
Iron Sulfate 0.003 0.006 0.008 0.024 0.049 0.056 
Pyrite 0.016 0.039 0.082 0.093 0.044 0.138 
Pyrite & Misc. 0.003 0.005 0.006 0.013 — — — — —— 0.015 
Kaolinite 0.011 0.023 0.029 0.026 0.052 — — — 0.069 
Illite 0.008 0.016 0.027 0.039 — — —  — — —  0.051 
Montmorillonite 0.001 0.002 —— — ——— —— — —— 0.002 
Chlorite 0.002 0.005 0.008 0.009 — — — 0.013 
Mixed Clays 0.004 0.006 0.010 — — — — — — — " • — 0.012 
Quartz 0.013 0.025 0.041 0.051 0.049 —— — 0.087 
Gypsum 0.001 0.002 ——— ——— — — — ——— 0.002 
Apatite 0.001 ——— 0.003 ——— ——— —— — 0.004 
Dolomite — — — — — —- —— — ——— — — — — —- — 0.000 
Calcite 0.001 0.003 0.010 0.010 — — — — — III 0.014 
Iron-rich 0.003 0.003 0.008 0.014 VAIW 0.017 
Silicates 0.004 0.008 0.012 0.016 —— — —  — —  0.022 
Miscellaneous 0.005 0.009 0.008 0.012 
Totals 0.025 0.054 0.097 0.117 0.097 
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Table 19a. AIA results for Pittsburgh 200x0 mesh raw coal. Distribution 
of minerals by phase and area-equivalent diameter, expressed 
as weight percentage of dry coal 
ChemistryXSize (wm) < 4 < 7 < 12 < 21 < 36 > 36 Totals 
Iron Sulfate 0.01 0.04 0.04 0.08 0.10 0.19 0.46 
Pyrite 0.13 0.64 0.66 0.69 0.59 1.32 4.03 
Pyrite & Misc. 0.01 0.02 0.02 0.01 0.00 0.00 0.06 
Kaolinite 0.08 0.40 0.26 0.12 0.08 0.02 0.96 
Illite 0.06 0.30 0.17 0.11 0.05 0.05 0.74 
Montmorillonite 0.01 0.01 0.00 0.00 0.00 0.00 0.02 
Chlorite 0.01 0.04 0.04 0.03 0.04 0.04 0.20 
Mixed Clays 0.01 0.05 0.03 0.02 0.01 0.06 0.19 
Quartz 0.03 0.15 0.17 0.12 0.05 0.06 0.58 
Gypsum 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Apatite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Dolomi te 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Calcite 0.01 0.03 0.01 0.01 0.01 0.00 0.07 
Iron-rich 0.01 0.05 0.03 0.04 0.02 0.09 0.23 
Silicates 0.00 0.01 0.02 0.01 0.00 0.06 0.10 
Miscellaneous 0.05 0.21 0.07 0.03 0.03 0.21 0.60 
Totals 0.42 1.95 1.52 1.29 0.99 2.09 8.26 
Table 19b. Precision in AIA results for Pittsburgh 200x0 mesh raw coal. 
Calculated as two times the weight fraction divided by the 
square root of the particle count 
Chemistry\Size (ym) < 4 < 7 < 12 < 21 < 36 > 36 Totals 
Iron Sulfate 0.004 0.011 0.016 0.038 0.041 0.104 0.120 
Pyrite 0.019 0.058 0.081 0.143 0.125 0.413 0.466 
Pyrite & Misc. 0.003 0.007 0.010 0.013 —  —  —  II I" • 0.018 
Kaolinite 0.011 0.033 0.036 0.041 0.032 0.023 0.077 
Illite 0.010 0.029 0.031 0.040 0.029 0.047 0.081 
Montmorillonite 0.003 0.005 0.003 — —  —  —  —  —  ^ — — 0.007 
Chlorite 0.005 0.011 0.015 0.022 0.026 0.055 0.067 
Mixed Clays 0.004 0.012 0.011 0.020 0.015 0.070 0.076 
Quartz 0.007 0.021 0.029 0.042 0.026 0.057 0.084 
Gypsum 0.001 0.003 0.002 — —  — — —  — — —  0.004 
Apatite 0.001 0.003 — —  *—* 0.003 
Dolomite —* — — 0.003 0.004 —  —  —  W — — — — 0.005 
Calcite 0.003 0.010 0.009 0.015 0.009 — — —  0.022 
Iron-rich 0.004 0.012 0.013 0.029 0.017 0.089 0.097 
Silicates 0.002 0.004 0.009 0.013 0.006 0.080 0.082 
Miscellaneous 0.009 0.023 0.018 0.021 0.021 0.159 0.165 
Totals 0.027 0.080 0.100 0.163 0.140 0.459 
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Table 20a. ÂIÂ results for Pittsburgh 200x0 mesh coal floated at 1.3 
specific gravity. Distribution of minerals by phase and 
area-equivalent diameter, expressed as weight percentage of 
dry coal 
Chemistry\Size (wm) < 4 < 7 < 12 < 21 < 36 > 36 Totals 
Iron Sulfate 0.00 0.00 0.00 0.01 0.00 0.00 0.02 
Pyrite 0.28 0.24 0.28 0.07 0.00 0.00 0.87 
Pyrite & Misc. 0.02 0.01 0.00 0.00 0.00 0.00 0.04 
Kaolinite 0.51 0.36 0.15 0.04 0.00 0.00 1.05 
Illite 0.25 0.28 0.11 0.00 0.00 0.00 0.65 
Hontmorillonite 0.05 0.01 0.01 0.00 0.00 0.00 0.07 
Chlorite 0.02 0.03 0.00 0.00 0.00 0.00 0.05 
Mixed Clay 0.05 0.02 0.02 0.00 0.00 0.00 0.09 
Quartz 0.13 0.14 0.06 0.02 0.00 0.00 0.36 
Gypsum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Apatite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Dolomite 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Calcite 0.00 0.01 0.01 0.00 0.00 0.00 0.02 
Iron-rich 0.00 0.00 0.00 0.01 0.00 0.00 0.02 
Silicates 0.01 0.01 0.00 0.00 0.00 0.00 0.01 
Miscellaneous 0.06 0.03 0.01 0.02 0.00 0.00 0.12 
Totals 1.38 1.16 0.66 0.17 0.00 0.00 3.37 
Table 20b. Precision in AIA results for Pittsburgh 200x0 mesh coal 
floated at 1.3 specific gravity. Calculated as two times the 
weight fraction divided by the square root of the particle 
count 
ChemistryNSize (ym) < 4 < 7 < 12 < 2 1  < 3 6  > 3 6  Totals 
Iron Sulfate 0.001 0.003 0.005 0»0X6 —— ——— 0.018 
Pyrite 0.031 0.035 0.063 0 $ 057 —— ——— 0.097 
Pyrite & Misc. 0.006 0.005 0.005 0.010 
Kaolinite 0.029 0.032 0.032 0»029 —— —' 0.061 
Illite 0.023 0.029 0.030 0 » 009 ——— ——— 0.048 
Montmorillonite 0.009 0.005 0.008 0.013 
Chlorite 0.006 0.010 0.004 — —  — • — —  — — —  0.012 
Mixed Clays 0.009 0.008 0.011 — —  — — —  — — —  0.016 
Quartz 0.015 0.020 0.021 0 * 020 —— ——— 0.038 
Gypsum 0.002 0.001 — — —  0.002 
Apatite — — —  — — —  — —  —  — — —  — — —  — — —  0.000 
Dolomite 0.001 0.003 0.007 — '  —  —  ^  '  0.007 
Calcite 0.002 0.006 0.006 0.009 ——— —— 0.013 
Iron-rich 0.002 0.003 0.007 0.015 — —— 0.017 
Silicates 0.003 0.005 — —  —  0.005 
Miscellaneous 0.010 0.009 0.008 0*024 ——— 0.029 
Totals 0.052 0.061 0.078 0.071 
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Table 21a. AIA results for Adaville No. 11 200x0 mesh raw coal. 
Distribution of minerals by phase and area-equivalent 
diameter, expressed as weight percentage of dry coal 
ChemistryXSize (ym) < 4 < 7 < 12 < 21 < 36 > 36 Totals 
Iron Sulfate 0.00 0.00 0.00 0.02 0.00 0.05 0.08 
Pyrite 0.04 0.00 0.01 0.01 0.01 0.06 0.12 
Pyrite & Misc. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Kaolinite 0.04 0.11 0.06 0.11 0.09 0.13 0.53 
111!te 0.00 0.04 0.03 0.02 0.02 0.21 0.32 
Hontmorillonite 0.00 0.00 0.02 0.02 0.04 0.18 0.26 
Chlorite 0.00 0.00 0.00 0.01 0.01 0.05 0.07 
Mixed Clay 0.00 0.00 0.01 0.03 0.01 0.06 0.11 
Quartz 0.32 0.42 0.20 0.35 0.47 1.68 3.44 
Gypsum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Apatite 0.04 0.04 0.06 0.07 0.07 0.35 0.62 
Dolomite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Calcite 0.00 0.00 0.01 0.02 0.01 0.03 0.07 
Iron-rich 0.07 0.14 0.09 0.15 0.16 1.57 2.18 
Silicates 0.00 0.00 0.00 0.01 0.01 0.00 0.01 
Miscellaneous 0.46 1.30 0.27 0.29 0.13 0.16 2.61 
Totals 0.95 2.03 0.77 1.10 1.03 4.53 10.41 
Table 21b. Precision in AIA results for Adaville No. 11 200x0 mesh raw 
coal. Calculated as two times the weight fraction divided by 
the square root of the particle count 
ChemistryXSize (ym) < 4 < 7 < 12 < 21 < 36 > 36 Totals 
Iron Sulfate 0.002 0.012 0.006 0.063 0.064 
î*yri 0 = 031 — — —  0.009 0.007 0.014 0.055 0.066 
pyrite & Misc. — — — 0.004 — —  —  — — —  —  —  —  0.004 
Kaolinite 0.014 0.051 0.014 0.033 0.031 0.075 0.104 
Illite — —  0.035 0.010 0.013 0.018 0.135 0.142 
Montmorillonite — —  —  — — —  0.007 0.013 0.020 0.135 0.137 
Chlorite — • —• —  —  —  0.004 0.008 0.012 0.070 0.071 
Mixed Clays — —  — — —  0.006 0.017 0.012 0.066 0.070 
Quartz 0.048 0.095 0.026 0.059 0.077 0.309 0.342 
Gypsum — — — — — — — — —  —  —  —  0.000 
Apatite 0.023 0.041 0.016 0.028 0.034 0.183 0.195 
Dolomite — — —  — — 0.Q03 0.004 — —  —  — '-mmm 0.004 
Calcite — • — —  0.006 0.013 0.009 0.046 0.049 
Iron-rich 0.026 0.061 0.019 0.042 0.047 0.468 0.477 
Silicates — —  —  — —  —  0.004 0.010 0.010 — — — 0.015 
Miscellaneous 0.057 0.163 0.030 0.051 0.039 0.092 0.208 
Totals 0.083 0.208 0.052 0.104 0.114 0.594 
130 
Table 22a. AIA results for Adaville No. 11 200x0 mesh coal floated at 
1.4 specific gravity. Distribution of minerals by phase and 
area-equivalent diameter, expressed as weight percentage of 
dry coal 
Chemistry\Size (ym) < 4 < 7 < 12 < 21 < 36 > 36 Totals 
Iron Sulfate 0.01 0.01 0.00 0.00 0.00 0.00 0.02 
Pyrite 0.02 0.02 0.01 0.02 0.01 0.00 0.08 
Pyrite & Misc. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Kaolinite 0.08 0.11 0.04 0.02 0.02 0.00 0.27 
Illite 0.02 0.02 0.01 0.01 0.00 0.00 0.05 
Hontmorillonite 0.01 0.00 0.00 0.00 0.00 0.00 0.01 
Chlori te 0.01 0.01 0.00 0.00 0.00 0.00 0.02 
Mixed Clay 0.02 0.02 0.00 0.00 0.00 0.00 0.05 
Quartz 0.68 0.94 0.34 0.48 0.37 0.09 2.90 
Gypsum 0.00 0.01 0.00 0.00 0.00 0.00 0.01 
Apatite 0.05 0.14 0.02 0.01 0.00 0.00 0.22 
Dolomite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Calcite 0.01 0.02 0.01 0.02 0.01 0.00 0.06 
Iron rich 0.10 0.12 0.04 0.03 0.01 0.00 0.31 
Silicates 0.00 0.01 0.00 0.01 0.01 0.00 0.03 
Miscellaneous 0.11 0.26 0.05 0.05 0.05 0.04 0.56 
Totals 1.10 1.69 0.54 0.66 0.48 0.13 4.60 
Table 22b. Precision in AIA results for Adaville No. 11 200x0 mesh coal 
floated at 1.4 specific gravity. Calculated as two times the 
weight fraction divided by the square root of the particle 
count 
ChemistryNSize (pm) < 4 < 7 < 12 < 21 < 36 > 36 Totals 
Iron Sulfate 0.005 0.013 0.004 0.014 
Pyrite 0.016 0.024 0.006 0.018 0.017 —- 0.039 
Pyrite & Misc. — —  —  — —  —  0.002 — — —  — —  —  — •" 0.002 
Kaolinite 0.020 0.041 0.011 0.014 0.020 — —  0.053 
Illite 0.011 0.017 0.006 0.008 — —* — —  —  —  0.023 
Montmorilloni te 0.005 0.006 0.002 0.003 —  —  —  —— 0.009 
Chlorite 0.006 0.008 0.003 — — — — —  0.011 
Mixed Clays 0.010 0.018 0.004 0.003 —  —  —  —  —  —  0.021 
Quartz 0.057 0.119 0.033 0.067 0.102 0.075 0.198 
Gypsum — —• — 0.012 0.001 — — —  0.009 — — —  0.015 
Apatite 0.017 0.051 0.009 0.009 — — —  0.055 
Dolomi te ^  —  0.006 0.002 —  —  —'—— 0.006 
Calcite 0.008 0.015 0.006 0.013 0.011 0.025 
Iron-rich 0.024 0.046 0.012 0.018 0.016 ^ — 0.058 
Silicates 0.013 0.001 0.010 0.016 0.023 
•Miscellaneous 0.023 0.062 0.012 0.021 0.034 0.057 0.097 
Totals 0.075 0.161 0.042 0.078 0.114 0.093 
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Table 23a. AIÂ results for Dietz No. 1&2 200x0 mesh raw coal. 
Distribution of minerals by phase and area-equivalent 
diameter, expressed as weight percentage of dry coal 
ChemistryXSize (ym) < 4 < 7 < 12 < 21 < 36 > 36 Totals 
Iron Sulfate 0.01 0.01 0.01 0.05 0.00 0.00 0.07 
Pyrite 0.05 0.04 0.08 0.00 0.06 0.71 0.94 
Pyrite & Misc. 0.01 0.00 0.01 0.00 0.00 0.00 0.02 
Kaolinite 0.15 0.21 0.25 0.45 0.18 0.00 1.23 
Illite 0.02 0.01 0.05 0.02 0.14 0.00 0.23 
Hontmorillonite 0.01 0.01 0.01 0.00 0.00 0.00 0.03 
Chlorite 0.00 0.00 0.00 0.01 0.00 0.00 0.02 
Mixed Clay 0.01 0.02 0.02 0.00 0.05 0.00 0.11 
Quartz 0.19 0.21 0.20 0.39 0.52 0.32 1.83 
Gypsum 0.01 0.01 0.00 0.00 0.00 0.00 0.03 
Apatite 0.02 0.01 0.02 0.00 0.00 0.00 0.05 
Dolomite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Calcite 0.10 0.08 0.07 0.02 0.00 0.00 0.28 
Iron-rich 0.02 0.01 0.02 0.00 0.00 0.00 0.05 
Silicates 0.01 0.02 0.01 0.00 0.00 0.00 0.04 
Miscellaneous 0.36 0.33 0.21 0.13 0.06 0.00 1.09 
Totals 0.95 1.00 0.96 1.07 1.01 1.03 6.01 
Table 23b. Precision in ÂIA results for Dietz No. 1&2 200x0 mesh raw 
coal. Calculated as two times the weight fraction divided by 
the square root of the particle count 
ChemistryXSize (ym) < 4 < 7 < 12 < 21 < 36 > 36 Totals 
Iron Sulfate 0.004 0.009 0.016 0.053 0.056 
Pyri te 0.013 0.023 0.050 —  —  —  0.117 1.001 1.009 
Pyrite & Misc. 0.004 0.004 0.011 — — —  — —  —  — — —  0 • 013 
Kaolinite 0.017 0.037 0.070 0.164 0.178 — »  —  —  0.255 
Illite 0.006 0.008 0.033 0.029 0.191 —  —  —  0.197 
Montmorilloni te 0.004 0.009 0.013 — — — — —  —  —  —  0.016 
Chlorite 0.002 0.006 ——'— 0.022 —  —  —  0.023 
Mixed Clays 0.005 0.011 0.021 0.108 —  —  —  0.111 
Quartz 0.019 0.038 0.060 0.149 0.316 0.455 0.578 
Gypsum 0.004 0.008 0.010 — — —  — — —  — — —  0.013 
Apatite 0.006 0.010 0.020 — — —  — — —  — — — - 0.023 
Dolomite 0.002 0.004 — —  —  —  —  —  —  — —  0.004 
Calcite 0.014 0.023 0.036 0.035 — — —  — — —  0.057 
Iron-rich 0.007 0.011 0.019 WW — — — —  —  — —  0.023 
Silicates 0.004 0.012 0.011 w—• — —  —  0.016 
Miscellaneous 0.025 0.044 0.058 0.082 0.120 — 0.164 
Totals 0.043 0.080 0.135 0.246 0.451 1.029 
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Table 24a. AIA results for Dietz No. 1&2 200x0 mesh coal floated at 1.38 
specific gravity. Distribution of minerals by phase and 
area-equivalent diameter, expressed as weight percentage of 
dry coal 
ChemistryXSize (wm) < 4 < 7 < 12 < 21 < 36 > 36 Totals 
Iron Sulfate 0.00 0.01 0.00 0.01 0.05 0.00 0.07 
Pyrite 0.03 0.03 0.05 0.10 0.00 0.00 0.22 
Pyrite & Misc. 0.01 0.01 0.01 0.00 0.00 0.00 0.03 
Kaolinite 0.06 0.14 0.18 0.23 0.22 0.12 0.95 
Illite 0.00 0.01 0.02 0.03 0.00 0.00 0.06 
Montmorillonite 0.01 0.01 0.02 0.00 0.00 0.00 0.03 
Chlori te 0.00 0.00 0.01 0.01 0.00 0.00 0.02 
Mixed Clay 0.07 0.03 0.00 0.00 0.00 0.00 0.11 
Quartz 0.27 0.30 0.29 0.28 0.11 0.00 1.24 
Gypsum 0.00 0.00 0.00 0.01 0.00 0.00 0.02 
Apatite 0.00 0.00 0.00 0.00 0.03 0.00 0.03 
Dolomite 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Calcite 0.03 0.03 0.03 0.03 0.02 0.00 0.14 
Iron-rich 0.00 0.01 0.01 0.02 0.00 0.00 0.04 
Silicates 0.02 0.01 0.01 0.01 0.00 0.00 0.03 
Miscellaneous 0.40 0.44 0.13 0.07 0.10 0.06 1.19 
Totals 0.90 1.04 0.76 0.80 0.52 0.18 4.19 
Table 24b. Precision in AIA results for Dietz No. 1&2 200x0 mesh coal 
floated at 1.38 specific gravity. Calculated as two times 
the weight fraction divided by the square root of the 
particle count 
ChemistryXSize (ym) < 4 < 7 < 12 < 21 < 36 > 36 Totals 
Iron Sulfate 0.002 0.006 0.004 0.029 0.068 0.074 
Pyrite 0.008 0.015 0.033 0.085 — — —  — — —  0.093 
Pyrite & Misc. 0.003 0.008 0.012 —  —  —  -1 " —  —  —  0.014 
Kaolinite 0.009 0.025 0.045 0.088 0.139 0.171 0.243 
Illite 0.002 0.006 0.014 0.030 —  —  —  — — —  0.034 
Montmorillonite 0.003 0.005 0.012 — — —  — — —  — — —  0.013 
Chlorite 0.001 0.003 0.013 0.014 0.019 
Mixed Clays 0.009 0.011 0.007 — —  — — —  — — —  0.015 
Quartz 0.018 0.034 0.059 0.095 0.107 — — — 0.159 
Gypsum 0.001 0.001 0.007 0.022 —  —  —  —  —  —  0.023 
Apatite 0.002 0.003 — — —  — — —  0.055 —  —  —  0.055 
Dolomi te 0.002 0.004 — — —  — — — —  — —  0.005 
Calcite 0.006 0.011 0.021 0.030 0.038 — — —  0.054 
Iron-rich 0.002 0.006 0.008 0.027 0.029 
Silicates 0.004 0.004 0.009 0.011 — — — •  — — •  0.016 
Miscellaneous 0.021 0.040 0.036 0.050 0.086 0.117 0.164 
Totals 0.032 0.063 0.094 0.169 0.215 0.207 
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tables of the mineral distribution expressed as weight percent of mineral 
matter content (i.e., corresponding to Table 15c) are contained in 
Appendix E. 
The second table for each sample (i.e., the "b" series for Tables 
25-29) contains the variability data for each size-mineral category 
(i.e., corresponding to Table 16c). The values represent estimates of 
working error in the results and were calculated as two times the weight 
fraction divided by the square root of the count for the category 
following the procedure demonstrated in Tables 16a-c. The tables of 
count distributions (i.e., corresponding to Table 16a) and of relative 
standard deviations are contained in Appendix G. 
The size distributions of the dominant mineral forms for Tables 25-
29) are plotted in Figures 20-24. Size distributions of four or five 
minerals were plotted for each coal. Error bars were not included in the 
graphs since the bars often overlapped and it was difficult to sort out 
the extent of any particular bar. The error limits for the data points 
can be read for the appropriate mineral-size category from the 
corresponding table of error limits (e.g., Figure 20 is a plot of weight 
fraction data contained in Table 25a and the associated error limits are 
tabulated in Table 25b). 
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Table 25a. AIA results for Illinois No. 6 14x0 mesh raw coal. 
Distribution of minerals by phase and area-equivalent 
diameter, expressed as weight percentage of dry coal 
Chemistry\Size (pm) < 6 < 20 < 63 < 200 < 632 > 632 Totals 
Iron Sulfate 0.01 0.08 0.09 0.08 0.00 0.00 0.26 
Pyrite 0.12 0.57 0.68 0.49 0.00 0.00 1.86 
Pyrite & Misc. 0.03 0.04 0.03 0.09 0.00 0.00 0.20 
Kaolinite 0.23 0.51 0.25 0.17 0.37 0.00 1.53 
Illite 0.28 0.52 0.50 0.64 0.98 0.00 2.93 
Montmorillonite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Chlorite 0.00 0.00 0.02 0.01 0.00 0.00 0.03 
Mixed Clay 0.10 0.18 0.13 0.14 0.00 0.00 0.56 
Quartz 0.56 1.00 0.58 0.32 0.12 0.00 2.58 
Gypsum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Apatite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Dolomite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Calcite 0.01 0.02 0.01 0.02 0.10 0.00 0.16 
Iron-rich 0.00 0.00 0.01 0.00 0.00 0.00 0.01 
Silicates 0.04 0.07 0.07 0.02 0.00 0.00 0.20 
Miscellaneous 0.11 0.32 0.09 0.09 0.00 0.00 0.61 
Totals 1.48 3.31 2.47 2.09 1.57 0.00 10.92 
Table 25b. Precision in AIA results for Illinois No. 6 14x0 mesh raw 
coal. Calculated as two times the weight fraction divided by 
the square root of the particle count 
Chemistry\Size (pm) < 4 < 7 < 12 < 21 < 36 > 36 Totals 
Iron Sulfate 0.004 0.039 0.021 0.074 0.086 
Pyri tm 1 0.025 0.127 0.079 0.201 — " — — ^ — 0.252 
Pyrite & Misc. 0.010 0.023 0.011 0.095 — — — 0.059 
Kaolinite 0.026 0.083 0.034 0.110 0.373 0.400 
Illite 0.029 0.081 0.051 0.196 0.879 — —• —. 0.906 
Montmorillonite 0.002 —  —  —  0.002 — — — — 1 II- ——•— 0.003 
Chlorite 0.002 — •• 0.011 0.012 — —  —  0.017 
Mixed Clays 0.017 0.048 0.025 0.090 — — — 0.106 
Quartz 0.040 0.109 0.052 0.125 0.170 — — — 0.247 
Gypsum 0.003 — —- —  —  —  — — —  — — —  — — —  0.003 
Apatite 0.001 — •— 0.001 —  —  —  — —  —  — —— 0.002 
Dolomite — — —  0.005 ——— —  —  —  — —  0.005 
Calcite 0.006 0.015 0.009 0.044 0.191 — " — 0.197 
Iron-rich 0.003 0.003 0.007 — — — — —— — — 0.008 
Silicates 0.010 0.034 0.018 0.027 —  —  —  — — 0-048 
Miscellaneous 0.017 0.068 0.019 0.065 — — —  0.097 
Totals 0.067 0.217 0.116 0.360 0.908 
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Table 26a. AIA results for Illinois No. 6 14x0 mesh coal following 
complete Gravimelt processing. Distribution of minerals by 
phase and area-equivalent diameter, expressed as weight 
percentage of dry coal 
Chemistry\Size (ym) < 6 < 20 < 63 < 200 < 632 > 632 Totals 
Iron Sulfate 0.00 0.02 0.01 0.00 0.00 0.00 0.03 
Pyrite 0.02 0.02 0.00 0.00 0.00 0.00 0.03 
Pyrite & Misc. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Kaolinite 0.04 0.03 0.00 0.00 0.00 0.00 0.07 
Illite 0.04 0.03 0.01 0.00 0.00 0.00 0.07 
Hontmorillonite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Chlorite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mixed Clay 0.00 0.01 0.00 0.00 0.00 0.00 0.01 
Quartz 0.06 0.06 0.01 0.00 0.00 0.00 0.13 
Gypsum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Apatite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Dolomite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Calcite 0.02 0.02 0.00 0.00 0.00 0.00 0.04 
Iron-rich 0.01 0.00 0.00 0.00 0.00 0.00 0.01 
Silicates 0.01 0.01 0.00 0.00 0.00 0.00 0.02 
Miscellaneous 0.03 0.07 0.01 0.00 0.00 0.00 0.11 
Totals 0.23 0.27 0.03 0.00 0.00 0.00 0.53 
Table 26b. Precision in AIA results for Illinois No. 6 14x0 mesh coal 
following complete Gravimelt processing. Calculated as two 
times the weight fraction divided by the square root of the 
particle count 
ChemistryXSize (ym) < 4 < 7 < 1 2  < 2 1  < 3 6  > 3 6  Totals 
Iron Sulfate 0. 001 0. 010 0. UJL JL — 0. 015 
Pyrite 0. 004 0. 012 —  — — —  ——— — 0. 012 
Pyrite & Misc. 0. 001 —  — —— —— —- — — 0. 001 
Kaolinite 0. 005 0. Oil *  — —  —  —  —  —  0. 012 
Illite 0. 005 0. 010 0. 015 — — — — — — 0. 019 
Montmorilloni te 0. 001 0. 001 — — — — — — 0. 001 
Chlorite 0. 001 0. 003 —  — —  —  — — — ^ — — 0. 004 
Mixed Clays 0 .001 0. 006 -—— —  — —  — — — —' — — 0. 007 
Quartz 0 006 0 015 0 015 ——— — — 0. 022 
Gypsum 0 .001 0. 001 —  — — —  —  — —  0. 001 
Apatite - — —  — —  - — —  —  —  —  — —  —  —  —  0. 000 
Dolomite 0 .001 0 .001 ——— ———  0. 002 
Calcite 0 .003 0 .009 ——^ ——— — ^ ^ 0. 009 
Iron-rich 0 .002 0 .004 —  — — —  — 0. 005 
Silicates 0 .002 0 .008 — — —  — — —  — ^ — 0. 009 
Miscellaneous 0 .004 0 .020 0 .013 0. 024 
Totals 0 .012 0 .035 0 .027 
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Table 27a. AIA results for Pittsburgh No. 8 6x0 mesh raw coal. 
Distribution of minerals by phase and area-equivalent 
diameter, expressed as weight percentage of dry coal 
ChemistryXSize (ym) < 6 < 20 < 63 < 200 < 632 > 632 Totals 
Iron Sulfate 0.02 0.11 0.36 0.82 0.00 0.00 1.31 
Pyrite 0.07 0.98 1.07 0.55 0.00 0.00 2.66 
Pyrite & Misc. 0.05 0.19 0.09 0.00 0.00 0.00 0.33 
Kaolinite 0.31 1.08 0.68 0.57 0.00 0.00 2.64 
Illxte 0.14 0.65 0.72 0.43 0.00 0.00 1.94 
Montmorillonite 0.01 0.01 0.00 0.00 0.00 0.00 0.02 
Chlorite 0.01 0.06 0.02 0.00 0.00 0.00 0.09 
Mixed Clay 0.07 0.31 0.19 0.15 0.00 0.00 0.72 
Quartz 0.18 0.74 0.30 0.42 0.00 0.00 1.64 
Gypsum 0.00 0.00 0.02 0.00 0.00 0.00 0.03 
Apatite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Dolomite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Calci te 0.00 0.00 0.01 0.00 0.00 0.00 0.01 
Iron-rich 0.00 0.01 0.07 0.00 0.00 0.00 0.08 
Silicates 0.03 0.06 0.01 0.16 0.00 0.00 0.27 
Miscellaneous 0.07 0.16 0.02 0.00 0.00 0.00 0.25 
Totals 0.97 4.37 3.56 3.10 0.00 0.00 12.00 
Table 27b. Precision in AIA results for Pittsburgh No. 8 6x0 mesh raw 
coal. Calculated as two times the weight fraction divided by 
the square root of the particle count 
ChemistryNSize (ym) < 4 < 7 < 12 < 21 < 36 > 36 Totals 
Iron Sulfate 0.007 0.033 0.150 0.735 0.751 
Pyrite 0.016 0.117 0.352 0.631 ^ 0.732 
Pyrite & Misc. 0.010 0.037 0.061 — —  —  — — —  ' •' 0.072 
Kaolinite 0.025 0.081 0.211 0.803 —  —  —  —  —  —  0.834 
Illite 0.017 0.066 0.229 0.612 —  —  —  — —  —  0.656 
Montmorilloni te 0.004 0.007 — — — — —  0.008 
Chlorite 0.005 0.021 0.028 — — —  — —  — —  0.035 
Mixed Clays 0.012 0.046 0.100 0.205 —  — —  —  —  —  0.234 
Quartz 0.020 0.066 0.125 0.489 • —  —  —  0.509 
Gypsum 0.002 0.003 0.029 —  —  —  —  — —  — — —  0.029 
Apatite — — —  0.006 — — —  — — — '  —  —  —  —  —  0.006 
Dolomite — — —  0.003 — — —  —  — '  —  —  —  —  0.003 
Calcite 0.001 0.004 0.014 ^  —  —  —  — ^  — — —  0.015 
Iron-rich 0.001 0.008 0.066 — — ™ —  —  "  — ^  0.067 
Silicates 0.007 0.020 0.022 0.329 —  —  —  —  0.331 
Miscellaneous 0.011 0.029 0.044 —  —  0.054 
Totals 0.045 0.177 0.504 1.462 
• 
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Table 28a. AIA results for Pittsburgh No. 8 6x0 mesh coal following 
partial Gravimelt processing. Distribution of minerals by 
phase and area-equivalent diameter, expressed as weight 
percentage of dry coal 
Chemistry\Size (ym) < 6 < 20 < 63 < 200 < 632 > 632 Totals 
Iron Sulfate 0.00 0.01 0.02 0.00 0.00 0.00 0.03 
Pyrite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Pyrite & Misc. 0.04 0.03 0.00 0.00 0.00 0.00 0.07 
Kaolinite 0.02 0.02 0.00 0.00 0.00 0.00 0.04 
Illite 0.30 0.94 0.65 0.19 0.00 0.00 2.08 
Montmorilloni te 0.00 0.01 0.00 0.00 0.00 0.00 0.01 
Chlorite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mixed Clay 0.05 0.04 0.14 0.00 0.00 0.00 0.24 
Quartz 0.01 0.08 0.00 0.00 0.00 0.00 0.09 
Gypsum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Apatite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Dolomite 0.00 0.01 0.00 0.00 0.00 0.00 0.01 
Calcite 0.61 0.69 0.23 0.24 0.00 0.00 1.77 
Iron-rich 0.34 1.47 1.43 1.09 0.00 0.00 4.33 
Silicates 0.03 0.02 0.03 0.00 0.00 0.00 0.08 
Miscellaneous 3.36 8.05 5.27 3.77 0.00 0.00 20.46 
Totals 4.78 11.37 7.77 5.29 0.00 0.00 29.22 
Table 28b. Precision in AIA results for Pittsburgh No. 8 6x0 mesh coal 
following partial Gravimelt processing. Calculated as two 
times the weight fraction divided by the square root of the 
particle count 
ChemistryXSize (ym) < 4 < 7 < 12 < 2 1  < 3 6  > 3 6  Totals 
Iron Sulfate 0.010 0.008 0.046 0.048 
Pyrite — — —  0.007 — — —  — ~ — —  — — —  0.007 
Pyrite & Misc. 0.028 0.018 — — — - — — —  — — —  — —  —  0.033 
Kaolinite 0.016 0.019 —  —  —  —  —  —  — — —  —  —  —  0.025 
Illite 0.069 0.135 0.299 0 • 376 ——— 0.504 
Montmorillonite 0.007 0.020 — — —  — — —  — — —  " •  —  0.022 
Chlorite — ILL •• — — —  — '  — — —  —  — ' —  0.000 
Mixed Clays 0.027 0.023 0.200 — — —  ——— 1 1 —  0.203 
Quartz 0.010 0.039 — —  —  ^ — — — '  — — — '  0.041 
Gypsum — — —  — —  —  — — —  — — —  — — —  0.000 
Apatite 0.000 
Dolomite — —  —  0.015 — —  —  — — —  — — —  — ' — —  0.015 
Calcite 0.101 0.120 0.185 0 • A33 —— 0.542 
Iron-rich 0.072 0.180 0.530 X • 257 —— 1.378 
Silicates 0.023 0.020 0.062 — ^  0.069 
Miscellaneous 0.218 0.369 0.894 2.386 — — 2.584 
Totals 0.264 0.451 1.108 2*732 ——— —— 
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Table 29a. AIA results for Pittsburgh No. 8 6x0 mesh coal following 
complete Gravimelt processing. Distribution of minerals by 
phase and area-equivalent diameter, expressed as weight 
percentage of dry coal 
Chemistry\Size (ym) < 6 < 20 < 63 < 200 < 632 > 632 Totals 
Iron Sulfate 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Pyrite 0.00 0.01 0.08 0.21 0.00 0.00 0.30 
Pyrite & Misc. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Kaolinite 0.04 0.08 0.03 0.19 0.00 0.00 0.33 
Illite 0.01 0.01 0.00 0.00 0.00 0.00 0.03 
Montmorillonite 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Chlorite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mixed Clay 0.00 0.01 0.00 0.00 0.00 0.00 0.02 
Quartz 0.03 0.05 0.02 0.02 0.00 0.00 0.11 
Gypsum 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Apatite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Dolomite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Calci te 0.01 0.01 0.01 0.00 0.00 0.00 0.02 
Iron-rich 0.00 0.00 0.00 0.00 0.00 0.00 0.01 
Silicates 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Miscellaneous 0.05 0.08 0.02 0.00 0.00 0.00 0.15 
Totals 0.14 0.26 0.18 0.42 0.00 0.00 1.00 
Table 29b. Precision in AIA results for Pittsburgh No. 8 6x0 mesh coal 
following complete Gravimelt processing. Calculated as two 
times the weight fraction divided by the square root of the 
particle count 
ChemistryNSize (ym) < 4 < 7 < 12 < 2 1  < 3 6  > 36 Totals 
Iron Sulfate 0. 010 0. 010 
Pyrite 0. 001 0. 006 0. 066 0. 296 ——— — — —  0. 304 
Pyrite & Misc. 0. 001 0. 002 — ——— 0. 002 
Kaolinite 0. 003 0. 013 0. 020 0. 216 —  —  —  0. 217 
Illite 0. 001 0. 006 0 004 -—— — — — 0. 007 
Montmorllloni te 0. 001 0. 002 0 .004 — — — —  — —  0. 004 
Chlorite 0 000 0 .001 ——— III ' W — — —  0. 001 
Mixed Clays 0 001 0 004 0 .005 - —" — — — — ^ —  0. 006 
Quartz 0 .002 0 .009 0 .017 0 o
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Discussion of the Precision of AIA Results 
The precision of the AIA results may be assessed in at least three 
different ways prior to making comparisons between results. An overview 
of the three techniques is given in the following paragraphs, followed by 
a detailed discussion and application of the techniques. 
The first test is to use the minimum area for analysis concept. For 
that approach, a value of N has presumably already been specified during 
experiment design to limit the effect of single particles to a fraction 
of 1/N of the total mineral matter area analyzed. The precision in the 
results for data collected in accord with the design value of N can be 
estimated by blanket values of absolute and relative standard deviations 
associated with the value of N. A similar approach can be used to check 
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the results by comparing the parameters actually measured during the 
analysis with those used for experiment design. For example, the 
predicted ratio, N, of mineral matter particle area to the area of the 
largest particle may be compared to the effective value of N achieved 
during the analysis. The comparison tends to be a pass-fail test. 
Either the minimum analysis area was analyzed for a specified value of N 
and the error in the results is somewhat less than the blanket estimates 
of precision, or else the minimum area was not analyzed and the 
associated values of standard deviation must be calculated for the 
effective value of N that was achieved. 
The precision in the weight fraction measurements may also be 
calculated on a category-by-category basis using the count for the 
individual categories. These precision estimates were presented 
alongside the weight fraction estimates (Tables 17-29). This second 
approach does provide a detailed measure of the variability in the 
results for each category and avoids the conservatism inherent in using 
blanket estimates for the precision. On the other hand, if the 
assumption is violated which assumes that the weight fraction is 
proportional to the count fraction, then the calculated standard 
deviations can seriously underestimate the true variability in the 
results. For such situations, a much more involved analysis of the 
errors is necessary. 
The precision may also be ascertained using a concept of the average 
weight fraction per particle. As more particles are counted, the average 
weight fraction per particle decreases (similar to 1/N), and combinations 
of weight fraction with the average weight fraction per particle may be 
used to calculate the standard deviation for the individual categories. 
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This third approach has the advantage that the precision data can be 
expressed by only six characteristic values, one for each size class. 
Some approximations are made in this approach, but the method serves to 
distill out these six values which are characteristic of the analysis. 
There is no need to tabulate the precision for each of the many mineral-
size categories as is done when the precision is estimated directly from 
the count. That approach requires the complete count distribution to 
calculate the precision. This approach requires only one value for each 
size range, either the total count for each size range or the average 
weight fraction per particle (which is equal to the total weight fraction 
for the size range divided by the count for the size range). A full 
table of uncertainties for each mineral-size range can be constructed, as 
necessary, from those six values. This approach is especially useful for 
pinpointing the adequacy of the analysis for each size range. It is able 
to show flaws in the analysis if the weight fraction is not distributed 
in proportion to the count proportion. 
All three approaches utilize the same data and are not radically 
different approaches in estimating the uncertainty in the results. They 
are alternative ways of interpreting the same data. Values estimated by 
one approach can usually be extracted from the other two approaches as 
well, but the values often follow most directly from the line of 
reasoning used in the approach for which the values are first developed. 
Precision calculated from analysis area and maximum particle diameter 
One measure of precision can be calculated using the actual area of 
analysis and the actual maximum particle diameter to calculate the ratio, 
N, between the total area of all the mineral particles analysed and the 
148 
area of the largest particle. The value of N may then be used to infer 
blanket values for the standard deviation in the weight fraction. 
However, those values of N are typically overly conservative. 
The method employs equation 1, reproduced below, as suggested by 
Kelly et al. (1980) for calculating the minimal area for analysis to 
insure that the largest mineral particle does not account for more than 
1/N of the mineral area analyzed. 
where A is the recommended minimum analysis area, D is the diameter of 
the largest particle, and C is the coverage of surface by mineral matter. 
For the post analysis check, the actual area of the largest particle may 
be used, and equation 1 would become equation 20. 
The minimum area may be calculated after the analysis using measured, 
rather than estimated, values of diameter and coverage to compare with 
the area actually analyzed. A calculated value of A larger than that 
actually analyzed indicates that the level of reproducibility in the 
results is less than the reproducibility for the value of N specified in 
equation 20. 
Equation 20 may be rearranged as equation 21 to calculate the effect 
of the largest particle on the areal analysis. 
A = N * D^/C (1) 
A = N * (nD2/4)/C (20) 
N = A * C/( 110^/4) (21) 
where the number, N, reflects the ratio of the total mineral area 
analyzed to the area of the largest particle. Kelly et al. suggested a 
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factor of 100 to limit the effect of the largest mineral particle to 1% 
of the mineral area analyzed. Even higher factors were recommended in 
this thesis in the section on methods in order to achieve reproducible 
size analyses. Lower values of N indicate lower precision in the 
results. 
The actual value of N may be used to calculate blanket values of 
standard deviation in the results as demonstrated in the section on 
methods. The average weight fraction per particle was estimated as 1/N 
times the mineral matter content. The count for any mineral-size 
category was then estimated by dividing the observed weight fraction by 
the weight fraction per particle, and the estimated count was used to 
calculate the relative standard deviation in the weight fraction as one 
over the square root of the estimated count (equation 9). This procedure 
is not generally recommended since it will usually result in excessively 
conservative results. The value of N is calculated with regard to the 
single largest particle measured and is not able to take into 
consideration the fact that the single largest particle may be an outlier 
in the sense of being much larger than the next largest particles. 
Therefore, another rearrangement of equation 1 is given below as 
equation 22 to calculate the particle size at which the ratio of the 
particle area just equals the area analyzed divided by the original value 
of N. 
D = (4 * A * C/Nii)®-^ (22) 
For values where the measured diameter of the single largest particle may 
be considerably larger than all other particles, the value of D from 
equation 22 will provide an indication of the maximum diameter for which 
150 
the analysis vas conducted appropriately. A value of D smaller than the 
largest diameter actually encountered indicates that the largest particle 
accounts for more than 1/N of the mineral area analyzed. It must then be 
determined how serious the difference in the values of D are, whether the 
differences are due to a single outlier (which yet accounts for a 
disproportionate amount of the mineral matter), or whether the difference 
is due to a major underestimation of the particle size (in which case a 
number of large particles account for an even more disproportionate 
amount of the mineral matter). 
Table 30 presents the results of the above calculations for the AIA 
results reported in this thesis. The first three columns are values 
reported by the AIA program for the maximum area-equivalent particle 
diameter actually encountered, the actual coverage of the pellet surface 
by mineral matter, and the total pellet surface area analyzed. A value 
of 100 was used for N to calculate the necessary area for analysis, given 
the actual mineral coverage and maximum particle size encountered. The 
same value of N was used to calculate the particle diameter that would 
correspond to 1% of the mineral area analyzed. The actual area analyzed 
and the actual coverage were used in equation 20 to calculate the ratio, 
N, between the total particle area analyzed and the area of the largest 
particle. 
The choice of N=:100 limits the effect of a single mineral particle 
to 1% of the total particle area. Consideration of 20 significant 
mineral-size categories requires a value of N=2000 to limit the effect of 
a single particle to 1% of the weight fraction in each mineral-size 
category for reproducible size distributions. This would lead to a 
proportionately higher minimum area for analysis in Table 30. 
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Table 30. Calculation of the adequacy of analysis area for reported AIA 
results 
Sample Largest Actual Area Area D Max. particle 
particle coverage analyzed required calculated effect (N) 
(ym) (%) (mm^) (mmr) (ym) 
Physically-cleaned coals 
Illinois 
raw 186 1.54 54.2 177. 103 31 
clean 29 0.47 16.2 14.2 32 113 
Pittsburgh 
raw 173 1.14 64.9 206. 97 32 
clean 19 2.67 6.8 1.1 481 634 
Adaville 
raw 196 0.69 328 437. 169 75 
clean 58 0.15 214 179. 64 120 
Dietz 
raw 68 0.70 14.5 51.4 36 28 
clean 42 0.39 23.1 35.4 34 65 
Chemically--processed coals 
Illinois 
raw 539 2.04 199. 1118. 227 17.8 
treated 81 0.08 68.4 644. 26 10.6 
Pittsburgh 
raw 176 4.82 10.6 50.5 81 21.0 
interm. 127 2.90 18.0 43.7 81 41.3 
treated 263 0.80 26.2 679. 52 3.8 
The above equations are demonstrated by application to the 
measurenients for the raw Illinois coal used in the physical cleaning 
study. The maximum particle diameter was measured to be 186 ym. Mineral 
matter coverage was measured to be 1.54% or 0.83 mm^ of the 54.2 mm^ of 
the pellet surface that was analyzed. Using the measured maximum 
particle diameter of 186 ym, the actual coverage of 1.54%, and a factor 
of N=100 in equation 20 leads to a minimum required analysis area of 177 
mm^ to insure that the largest mineral particle accounts for only 1% (= 
1/N) of the mineral matter measured. Use of the the actual coverage and 
area analyzed leads to calculation of D=103 ym as the diameter of a 
particle with an area just equal to 1% of the mineral matter area 
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analyzed. Use of all three measured values (i.e., area analyzed, 
coverage, and maximum particle diameter) leads to a value of N=31 as the 
ratio of the total mineral area analyzed to the area of the largest 
particle analyzed. These values in the three right hand columns all 
indicate that the gmalysis as performed did not analyze sufficient 
mineral matter to limit the effect of the largest mineral particle to 1/N 
of the mineral matter for the actual maximum particle size and coverage 
encountered. The calculated minimum area is approximately 3 times the 
area actually analyzed so that the calculated value of N in column 6 
would be expected to be about one third of the value of 100 used to 
calculate the minimum area. Similarly, the calculated value for D is 
smaller than the measured maximum diameter by a factor of /3. Therefore, 
the values of standard deviation developed in the section on methods 
using a value of 100 for N, cannot be used for the results for the 
Illinois coal, and the values for the standard deviation need to be 
calculated directly from the count. 
Examination of the data in Table 30 for the other coals shows that 
the minimum analysis area was typically larger than the actual analysis 
area for a value of N=100. The results may yet be compared, although the 
precision in the data is less than the blanket value of precision 
calculated for a value of N=100. A relative standard deviation of ±10% 
requires 100 particles (from equation 9) and would include 100% of the 
mineral matter for a value of N=100. Therefore, comparisons would be 
necessarily limited to large differences in mineral character which may 
be present within and between samples. The degree of sensitivity remains 
to be calculated. 
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A major reason for the discrepancy in actual analysis area and the 
calculated minimum analysis area is the fact that ÂIA encountered 
particles more than twice the anticipated maximum size for the 
physically-cleaned coals. For example, a maximum particle diameter of 
196 tim was found for the raw Adaville coal compared to an anticipated 
maximum particle size of 74 ym. However, many of the analyses were 
adequate for the anticipated particle size. The analyses of the 
Adaville, Illinois No. 6 and Pittsburgh 200 mesh raw coals were conducted 
to insure that the largest anticipated particles (74 ym) would not exceed 
1% of the mineral matter analyzed. The presence of particles more than 
twice that size, caused an increase in the required analysis area by a 
factor of four. 
The results for the physically-cleaned coals indicate that the area 
of the largest particle encountered was less than 1% of the area of the 
mineral matter analyzed for all but the cleaned Dietz coal. For the 
cleaned Pittsburgh coal, an unusually large area fraction of mineral 
matter on the pellet surface led to a more than adequate analysis (N=634 
» 100). 
Examination of numbers for the chemically-cleaned coals indicates 
that the analyses were neither adequate for the actual mineral particles 
found, nor for the anticipated particle size. Significantly more area 
should have been analyzed. 
Precision calculated from the count 
Uncertainty in AÎA results may be calculated from the particle count 
for each mineral-size category. Estimates calculated directly from the 
count will indicate the lowest possible standard deviations for a 
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mineral-size category, and will provide the greatest sensitivity to 
differences in the mineral distributions provided that the analysis has 
been conducted in accord with the requirement that the weight 
distribution be similar to the count distribution. The precision data 
calculated in this manner were reported in tables 17b-29b for all the 
coals analyzed. 
A wide range of error values was noted for the coals. Part of the 
range of error values is due to the wide range of weight fraction values, 
and part of the range is due to the wide range in particle counts for the 
different size-mineral categories. In general, the particle counts were 
limited in the largest size ranges and led to large errors for those size 
classes. In some cases, the standard deviations appear to be excessively 
large, leading to a suspicion that the count and weight are not similarly 
distributed. However, it is not readily apparent how significant the 
differences in distributions are in affecting the errors calculated from 
the count. This aspect will be considered in the next sections. 
It should be noted from Table 16a that relatively few particles were 
analyzed in the largest (i.e., > 36 um) size category of the Illinois No. 
6 raw coal for even the dominant mineral phases (i.e., 40, 18, 13, and 28 
particles were analyzed for pyrite, kaolinite, illite, and quartz, 
respectively). The low count resulted in large relative and absolute 
standard deviations in Tables 16b and 16c. If mineral particles had been 
uniformly distributed among the six size classes and four major mineral 
categories, then much smaller confidence limits could have been attained. 
For mineral matter uniformly distributed among the six size classes and 
the four major mineral categories, each of those 24 mineral-size 
categories would have contained 0.79% of the weight of the dry coal, and 
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analysis of a total of 2400 particles would have resulted in 
approximately 100 particles for each of the 24 significant mineral-size 
categories. This would result in an uncertainty of ±20% relative (i.e., 
two times a relative standard deviation of 10% calculated for a count of 
100} and an uncertainty of ±0.16% on an absolute basis. From Table 17b, 
it can be seen that the uncertainty in the determinations for the largest 
class of pyrite, kaolinite, illite, and quartz particles exceeds this 
value of ±0.16%. Many more mineral particles were analyzed in smaller 
size classes that constitute only a minor portion of the mineral matter. 
A more efficient analysis would seek to distribute the particles more 
evenly among the major mineral-size categories following the guidelines 
for partitioned analyses outlined in the methods section. 
Precision calculated from the average weight fraction per particle 
The precision may be ascertained using the concept of the average 
weight fraction per particle. Since the weight fraction is approximated 
by the count for the i-th size category, times the average weight 
fraction per particle, 6^, it is possible to tabulate six values of Aj 
for a mineral distribution which are characteristic of the analysis^ one 
for each size class, so that the precision may be estimated for any 
mineral in any size class. The weight fraction per particle also serves 
to highlight errors in the analysis procedure that result if the weight 
fractions are not proportional to the count distributions. 
It may be noted from Figure 11 that for a given size range (e.g., 
>36 jjm) the span of the error bars increases with the square root of the 
weight fraction. This is true in general because the weight fraction in 
a particular size-mineral category is roughly proportional to the number 
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of counts in that category and the error is proportional to the square 
root of the counts (equation 11). For any particular size category, 
there is an average value of area per particle which is roughly the same 
for all minerals. Similarly, an average value of weight fraction per 
particle, may be calculated for every size range by dividing the 
total weight fraction of all minerals in that size range by the number of 
particles in that range. The average weight fraction per particle is 
subject to more variation than the average area per particle since the 
density varies from one mineral to another. To illustrate the extent of 
the variation, consider the following examples. A total of 1922 
particles were counted in the 4-7 ym size range of Illinois No. 6 raw 
coal (Table 16a} and accounted for 4.48% of the dry coal (Table 15d). 
Therefore, each particle in that size range accounted for 0.0023% of the 
dry coal, on the average. The average weight fraction per particle of 
pyrite in the 4-7 pm size range was 0.0039% which is equal to a weight 
fraction of 0.94% (Table 15d) divided by a count of 238 (Table 16a). The 
average weight fraction per particle of quartz for the 4-7 ym size range 
was 0.0021 which is equal to a weight fraction of 1.48% (Table 15d) 
divided by a count of 713 (Table 16a). The ratio between the average 
weight fractions per particle is 1.86 = 0.0039/0.0021 which is 
practically identical to the ratio of densities for the two minerals 
which is 1.89 = (5.0 g/cc)/(2.65 g/cc). Most coal minerals have 
densities between 2.3 and 3.0 g/cc so that the difference between the 
actual weight fraction per particle and the average weight fraction per 
particle for the entire size range is typically not large. The magnitude 
of the difference between the actual and average weight fractions per 
particle is largest for pyrite (0.0039% vs. 0.0023%, respectively); 
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however, this approximation of a single average weight fraction per 
particle for all phases in a size range will be made to allow the 
extension of the concept from areal analyses, where there is no density 
variation, to weight fraction analyses. 
Since the weight fraction, Wj^, for a given mineral-size category may 
be approximated by the average weight fraction per particle times the 
count (Vj^ = * x^), the standard deviation in the measurement, which is 
proportional to the square root of the count, may be approximated using 
the weight fraction and the average weight fraction per particle in the 
following equations. The standard deviation is related to the count, x^, 
and the weight fraction, w^, by equation 10. 
SD(Wi) = Vi/(Xi)0'5 (10) 
but W£ = x^ * Zij for a given category. Therefore, 
SD(wj) = Wj^/(Xj^)®*^ = (23) 
Remembering that the relative standard deviation was estimated by one 
over the square root of the counts (i.e., equation 9), leads to the 
following expression for the relative standard deviation. 
Rel. SD(Wi) = l/(Xi)0-5 = l/(wi/Ai)0'5 = (Ai/Wi)®-^ (24) 
Confidence limits at approximately the 95% level can be calculated from 
the above standard deviations by multiplying by a factor of two. 
Equation 23 provides a reasonable approximation for the standard 
deviation for a particular size range, even though the exact weight 
fraction per particle is averaged over a number of mineral particles of 
different densities and different sizes (within the size range). For 
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example, the confidence limit calculated directly from the count vas 
calculated to be 0.12% for pyrite and 0.11% for quartz in the 4-7 ym size 
range of Illinois No. 6 raw coal (i.e., data from Table 16c). Confidence 
limits calculated from equation 23 were 0.09% (= 2 * = 2 * 
(0.94% * 0.0023%)0'5) for pyrite and 0.12% (= 2 * (1.48 * 0.0023)®*^) for 
quartz. The confidence range for pyrite calculated from the average 
weight fraction per particle is narrower than the limit calculated 
directly from the count since the pyrite particles are heavier than the 
average mineral particle in the size range. Still, the estimate is 
worthwhile since it permits rapid calculation of the confidence limits 
using only six additional values (one for each size range), rather than 
the count values for all categories. 
The above analysis explains the trends of increasing width of the 
error bars in Figure 11 with weight fraction within a size range. The 
concept of average weight fraction per particle also explains the 
variation in the width of the error bars from one size range to another 
for a constant weight fraction. The average weight fraction per 
particle, A,-, varies with each size range dependent on the number of 
particles collected in the range and the weight fraction represented by 
the size range. Since varies from size range to size range, so do the 
error bars for a constant weight fraction. For example, the weight 
fraction per particle was calculated as 0.0023% for the 4-7 ym size 
range, and as 0.0306% for the >36 ym size range of the raw Illinois coal 
(i.e., using data from Tables 15d and 16a). The value of is 
approximately 13 times larger for the >36 ym size range than it is for 
the 4-7 ym size range. This leads to error bar widths 3.6 times wider 
for the 36 ym range than for the 4-7 ym range (i.e., 3.6 = 
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(0.0306/0.0023)0*5 = (13.3)®*^) for similar weight fractions. 
The relevant values for precision calculations using the average 
weight per particle are presented in Tables 31-33. The first row of data 
for each coal contains the total counts for each size range of the coal. 
These values were extracted from the "a" series of tables for the coals 
in Appendices F and G. For example, the count for the Illinois No. 6 200 
mesh raw coal was extracted from Table F-la. The second row contains the 
total weight fraction of all minerals in that size range, extracted from 
Table 17a for the Illinois coal. The third row contains the average 
weight fraction per particle derived by dividing the second row by the 
first. The fourth row contains the relative standard deviation for the 
weight fraction calculated as one over the square root of the counts. 
The value may be extracted from the appropriate "b" series table in 
Appendix F or G (e.g., Table F-lb for the Illinois coal), or it may be 
calculated directly from the count in the first row. The fifth row is 
the absolute standard deviation and may be read from the "c" series of 
tables in Appendix F or G (e.g.. Table F-lc for the Illinois coal). 
Alternatively, it may be calculated by multiplying line 2 by line 4. 
These values may be used for estimating the confidence limits for 
the AIA results presented in Tables 17a-29a and in Figures 12-24. The 
absolute and relative standard deviations and confidence limits may be 
calculated for a particular mineral-size class at a particular weight 
fraction by using the weight fraction per particle with equations 23 and 
24. For any size range, the absolute standard deviation in any 
particular mineral may also be conservatively estimated by the standard 
deviation of the total of all minerals within the size range. 
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Table 31. Summary of precision data for raw and physically-cleaned 
Illinois No. 6 and Pittsburgh coals 
Coal \ Size 0-4 4-7 7-12 12-21 21-36 >36 Total 
Illinois No. 6 raw 
Count 
Wt. frac, Wj 
A.® (xlO*) . 
Rel. SD(wj)0 
Abs. SD(wj)*^ 
Count 
Wt. frac, WJ 
ûi» (xlO*) . 
Rel. SD(Wi)° 
Abs. SD(Wi)C 
Pittsburgh raw 
Count 
Wt. frac, Wj 
Ai® (xlO*) . 
Rel. SD(Wi)* 
Abs. SD(Wi)C 
Pittsburgh cleaned 
Count 
Wt. frac, Wj 
Ai® (xlO*) . 
Rel. SD(Wi)b 
Abs. SD(Wi)C 
603 1922 1168 366 380 134 4573 
4.21 4.48 2.12 2.18 2.22 4.11 19.32 
6982 2331 1815 5956 5842 30672 4225 
4.07 2.28 2.93 5.23 5.13 8.64 
0.172 0.102 0.062 0.114 0.114 0.355 
cleaned 
3228 1035 337 64 7 0 4671 
0.70 0.86 0.89 0.47 0.13 0.00 3.05 
218 833 2637 7298 18314 — — 653 
1.76 3.11 5.45 12.50 37.80 
0.012 0.017 0.048 0.058 0.048 — —  
947 2354 920 249 201 83 4754 
0.42 1.95 1.52 1.29 0.99 2.09 8.26 
444 829 1650 5169 4937 25187 1737 
3.93 2.06 3.30 6.34 7.05 10.98 
0.014 0.40 0.050 0.082 0.070 0.230 
>d
2805 1464 283 23 4575 
1.38 1.16 0.66 0.17 — — 3.37 
492 792 2324 7735 II •• 737 
1.89 2.61 5.94 20.85 — — 
0.026 0.030 0.039 0.036 
®Aj = weight fraction per particle = (Wt. frac.)/(count). 
^Rel. SD(Wi) = Relative standard deviation of Wj = l/(count)®*^. 
^Abs. SDCwj) = Absolute standard deviation of Wj = Wj_/(count)®*^, 
The results in Tables 31-33 indicate that the standard deviations 
are low enough for most size ranges of most coals to make satisfactory 
comparisons within a coal or between coals. This parallels the data 
presented in Tables 17b-29b, except that the many values of those tables 
are condensed into six values of average weight fraction per particle for 
each coal which are indicative of the precision for all minerals in the 
size range. Even though high relative standard deviations are indicated 
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Table 32. Summary of precision data for raw and physically-cleaned 
Adaville No. 11 and Dietz No. 1&2 coals 
Coal \ Size 0-4 4-7 7-12 12-21 21-36 >36 Total 
Adaville 11 raw 
Count 
Wt. frac> W{ 
(xlO^) 
Rel. SD(Wi)° 
Abs. SD(w^)*^ 
518 
0.95 
1827 
4.39 
0.042 
Adaville 11 cleaned 
869 
1.10 
1268 
3.39 
0.037 
Count 
Wt. frac. Wj 
Ai® (xlO^) 
Rel. SD(Wi)° 
Abs. SD(Wj)*^ 
Dietz 1&2 raw 
Count 
Wt. frac. Wj 
ûi® (xlO®) 
Rel. SD(Wj)° 
Abs. SD(w^)^ 
Dietz 1&2 cleaned 
Count 
Wt. frac. Wi 
(xlO^) i 
Rel. SD(W4)° 
Abs. SD(Wi)® 
1980 
0.95 
481 
2.25 
0.021 
3100 
0.90 
290 
1.80 
0.016 
383 
2.03 
5309 
5.11 
0.104 
440 
1.69 
3848 
4.77 
0.081 
615 
1.00 
1619 
4.03 
0.040 
1075 
1.04 
963 
3.05 
0.032 
892 
0.77 
864 
3.35 
0.026 
663 
0.54 
818 
3.88 
0.021 
200 
0.96 
4782 
7.07 
0.068 
261 
0.76 
2916 
6.19 
0.047 
451 
1.10 
2442 
4.71 
0.052 
281 
0.66 
2333 
5.97 
0.039 
75 
1.07 
14209 
11.55 
0.123 
89 
0.80 
8980 
10.60 
0.085 
328 
1.03 
3148 
5.52 
0.057 
70 
0.48 
6799 
11.95 
0.057 
20 
1.01 
50475 
22.36 
0.226 
23 
0.52 
22443 
20.85 
0.108 
232 
4.53 
19509 
6.57 
0.297 
8 
0.13 
16488 
35.36 
0.047 
4 
1.03 
257300 
50.00 
0.515 
3 
0,18 
59667 
57.74 
0.103 
2804 
10.41 
3712 
2331 
4.60 
1973 
2894 
6.01 
2077 
4551 
4.19 
921 
= weight fraction per particle = (Wt. frac.)/(count). 
'Rel. SD(Wj^) = Relative standard deviation of w^ = l/(count) 
"Abs. SD(Wj) = Absolute standard deviation of Wj = w^/(count) 
U.3 
0.5 
for some size ranges in some samples, the high relative standard 
deviations are often due to low weight fractions, since the absolute 
standard deviations are often low for those same categories (e.g., large 
size ranges of the cleaned coals). 
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Table 33. Summary of precision data for rav and chemically-cleaned 
Illinois No. 6 14x0 mesh and Pittsburgh 6x0 mesh coals 
Coal \ Size 0-6.3 6 1.3-20 20-63 63-200 200-632 > 632 Total 
14x0 mesh raw 
1977 927 1811 134 12 • 1 4861 
1.48 3.30 2.48 2.09 1.57 10.92 
750 3566 1366 15566 131008 — — 2246 
2.25 3.28 2.35 8.64 28.87 — —  
0.033 0.109 0.058 0.180 0.454 
14x0 mesh cleaned 
1518 230 5 — —  — 2048 
0.23 0.27 0.03 — — I» 0.53 
152 1174 6000 — M Mtoaaa 259 
2.57 6.59 44.72 — II ^ — 
0.006 0.018 0.014 
— —  
—— 
mesh raw 
1863 2432 200 18 — —  — — 4513 
0.97 4.37 3.56 3.10 — —  — ^  12.00 
518 1796 17820 172311 — — — — 2659 
2.32 2.03 7.07 23.57 
0.022 0.089 0.252 0.731 
Count 
Wt. frac. WJ 
A.» (xiQb) 
Rel. SD(Wi)0 
Abs. SD(wj)*^ 
Illinois No. 6 
Count 
Wt. frac, Wj 
(xlO®) Z 
Rel. SD(Wi)° 
Abs. SD(Wi)<^ 
Count 
Wt. frac, Wj 
(xlO^) . 
Rel. SD(Wi)° 
Abs. SD(w^)^ 
Pittsburgh 6x0 mesh partially-cleaned 
Count 
Wt. frac, 
(xlO^) . 
Rel. SD(Wi)° 
Abs. SD(wj)*^ 
1310 
4.78 
3649 
2.76 
0.132 
2547 
11.37 
4464 
1.98 
0.225 
197 
7.77 
39442 
7.12 
0.544 
Pittsburgh 6x0 mesh completely-cleaned 
Count 2665 559 39 
Wt. frac, Wj 0.14 0.26 0.18 
Ai^ (xlO°) : 52 465 4615 
Rel. SD(Wi)° 1.94 4.23 16.01 
Abs. SDCwJ)® 0.003 0.011 0.028 
15 
5.29 
352667 
25.82 
1.366 
6 
0.42 
70000 
40.82 
0.170 
4173 
29.22 
7002 
1.00 
296 
^A| « weight fraction per particle = (Wt. frac.)/(count). 
^Rel. SD(wj^) = Relative standard deviation of = l/(count)^'^. 
-Abs. SD(wj^) = Absolute standard deviation of = w^/(count) 0.5 
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Correction for non-uniform weight per particle 
The data for in Tables 31-33 may be used to determine the 
parallel between count and weight fraction distributions by examining the 
spread in the recorded values for the weight fraction per particle across 
the size ranges for a given coal. The range in the values of is 
indicative of how efficiently the analysis was conducted to spread the 
weight fraction among the particles. 
Since the analyses are partitioned by size range and later 
recombined to a consistent area of analysis, the value of A is not 
proportional to the area of the individual particles. In fact, an 
efficient analysis should lead to the same value for A across all size 
ranges. Also, the uniform Value of A^ across the size ranges is 
necessary to be able to estimate the relative standard deviation in the 
weight fraction by the relative standard deviation in the count. In the 
idealized example presented in Table 4, there was a 10,000-fold 
difference in the area per particle across the size range (i.e., (100 
ym/1 ym)^), but the area fraction per particle was 0.33% for all size 
ranges due to the partitioning. In practice, the value of the weight 
fraction per particle will vary across the size ranges, and most often, 
the weight per particle will increase with particle size. This indicates 
that the analysis was not partitioned to result in the constant weight 
fraction per particle across all size ranges and the assumption of 
similar weight and count distributions is being violated, or at least 
stretched. 
If the weight fraction per particle differs drastically across the 
size ranges, then the relative standard deviation in the weight fractions 
for size ranges with low average weight fractions per particle will be 
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underestimated by the standard deviations calculated from the count using 
either equation 10 or 23. The variation in the weight fractions for such 
categories will no longer be primarily due to random variations in the 
count for those categories alone, but will be due in large part to varia­
tion in the particle count for categories which have disproportionately 
large weight fractions per particle. An example of this will be shown 
for the raw Dietz coal. 
For analyses of the count fraction, each particle is weighted 
identically and a low count leads to a large relative standard deviation, 
but that deviation is always associated with a low count proportion and 
represents a small absolute deviation. For area or weight fraction 
analyses, each particle is weighted by size (i.e., area) and density. If 
the entry in each category was the cumulative area or weight for that 
category, then the relative standard deviation calculated from the count 
would be appropriate for each category. Some standard deviations would 
be quite large, but they would not effect the other categories. But when 
the data is normalized to some value, the data become proportions of that 
value and the variability in one category has an effect on the other 
categories. Normally, the inter-category effects are small, but when the 
weight fraction per particle becomes large for certain categories, the 
interactions become large. It is possible for a very small number of 
particles to have a very large effect on the area or weight fraction 
distributions. 
A high degree of interactions is indicated by a wide range in the 
values of 6^. Interactions are also indicated in part by low values of N 
from equation 21, and by large values of the standard deviation for 
weight fractions which account for large portions of the mineral matter. 
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In fact, the values of any one of these measures can often be estimated 
from one of the others since they merely represent different ways of 
examining the same data. 
The maximum value of weight fraction per particle, provides a 
measure of the effect of the largest particles on the analysis, analogous 
to the value of N from the calculation of the minimum analysis area. N 
is approximated by the mineral matter content divided by the average 
weight fraction per mineral particle, 6^. The relationship is only 
approximate since N is a ratio of areas, while 6^ is a measure of weight 
per particle. N is the ratio of the total mineral area analyzed to the 
area of the largest particle. Aj. is the ratio of the weight fraction in 
a particular category to the count in that category. Thus, 6^ represents 
the average effect of many particles, and not the impact of a single 
particle, as does N. For example, dividing the weight fraction of 
mineral matter in the raw Dietz coal (6.01% from Table 32) by the maximum 
value of weight fraction per particle (0.257% from Table 32) leads to an 
estimate of N=23.4 which may compared to the value of N=28 from Table 30. 
Even though the value of N=23.4 was estimated from the average weight of 
several particles and should normally be higher than the value of N 
calculated from the effect of the single largest particle, the value of N 
estimated from Aj is less than 28 because 2 of the 4 largest particles in 
the Dietz coal were pyrite and raised the average weight per particle 
(see Table F-7a in Appendix F for the count distribution in the >36 ym 
category). The lower value of N=23.4 (compared to N=28) indicates that 
the largest particles had a comparable, but larger, impact on the mineral 
weight distribution than was indicated by considering the size alone. 
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An inordinately high variability in the results due to a poorly 
partitioned analysis is also indicated by the ratio between the absolute 
precision and the total mineral matter content for the coal (i.e., the 
absolute standard deviation of the weight fraction expressed as a 
percentage of the mineral matter). Sufficient particles were counted for 
most size classes to limit the standard deviation to less than 3% of the 
mineral matter content. Larger standard deviations were noted in the 
largest size ranges of the completely-processed Pittsburgh 6x0 mesh coal 
(0.17/1.00 = 17%, Table 33), the raw Dietz coal (0.52/6.01 = 8.7%, Table 
32), the raw Pittsburgh 6x0 mesh coal (0.73/12.00 = 6.1%, Table 33), the 
partially-processed Pittsburgh 6x0 mesh coal (1.37/29.22 = 4.7%, Table 
33), and the raw Illinois No. 6 14x0 mesh coal (0.45/10.92 = 4.1%, Table 
33). 
Uncertainty in these size ranges corresponds to very large values of 
average weight fraction per particle and indicates that the weight 
fractions do not parallel the count fractions. Therefore, the assumption 
used in calculating the standard deviations in the weight fraction from 
the standard deviation in the count fractions (i.e., that the variability 
in the weight fraction is primarily due to variation in the count for 
that category only) no longer holds. The variability in the weight 
fraction data is also Influenced strongly by the particle count in 
categories with much larger values of average weight fraction per 
particle. 
As an example of the magnitude of this effect, consider the data for 
the Dietz raw coal in Table 32. The weight fraction per particle for the 
>36 wm size range is 0.257%, calculated for 4 particles which constitute 
1.03% of the dry coal out of a total mineral matter content of 6.01%. If 
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one more particle had been collected, this would markedly effect the 
veight fraction in not only the >36 ym size class, but also in the other 
size classes. One particle more-or-less would hardly change the count 
distributions for the coal and the standard deviations calculated from 
the count are fair estimates for the variation in the count 
distributions. An additional particle in the >36 ym size class would 
increase the count proportion in that class from 0.14% = 4/2894 to 0.17% 
= 5/2895. But the count fraction in the 0-4 ym category would barely 
change from 68.41% = 1980/2894 to 68.39% = 1980/2895. However, that 
additional particle would have a disproportionate effect on the weight 
distribution, both in the >36 ym size class and in the other size 
categories. An additional particle would raise the weight fraction of 
the >36 ym size fraction of minerals 0.257%. It would also 'raise' the 
total mineral content to 6.27% (=6.01% + 0.257%) which then must be 
normalized back to the mineral matter content of 6.01% by multiplying the 
weight fractions in all categories by 0.96 (=6.01/6.27)-. This would 
result in a new weight fraction value for the 0-4 ym size category of 
0,91 (=0.95% * 0.96), which is a decrease of 0.04%. However, the 
standard deviation for the 0-4 ym size range was calculated from the 
count (Table 32) as only 0.02%. Thus, the weight fractions in size 
ranges with low weight fractions per particle may be subject to errors 
much larger than those due to random fluctuations in the count for that 
category alone. 
The error estimates for five of the coals require correction for 
this effect. These five coals were noted above as the 200 mesh Dietz raw 
coal (Table 23), 14 mesh Illinois raw coal (Table 25), and the 6 mesh 
Pittsburgh raw (Table 27), partially-processed (Table 28), and 
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completely-processed (Table 29) coals. The form of the estimate of the 
standard deviation calculation for analyses with such disparate count and 
weight distributions is developed in the following paragraphs. 
The weight fraction for the i-th size range and the j-th mineral 
class is calculated in practice by keeping a running total of the exact 
particle weight for the ij-th size-mineral class by summing the measured 
particle areas times the density for the mineral phase. For this 
analysis of the errors, an average weight per particle, Sjj, may be 
multiplied by the count in the category, x^j, to approximate the weight 
in the particular category, w^j (= SjjXjj). The weight fraction, Xjj, in 
the ij-th category is calculated by dividing the weight in that category 
b y  t h e  t o t a l  w e i g h t  o f  m i n e r a l  p a r t i c l e s  a n a l y z e d ,  V .  
There is a statistical procedure, sometimes referred to as the "delta 
method" or the "method of statistical differentials'*, whereby the 
variance in any function, f, of multiple variables x^-x^ may be estimated 
from the sum of the variance in the variables weighted by the dependence 
of the function on the variables (Volk, 1969, pp. 154-159). The formula 
for calculating the variance is given as equation 27. 
(25) 
(26) 
W ZZ(Si.-iXi,'i ) 
kl 
Var(f) (27) 
where Var(f) is the variance in the function f. 
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The partial derivative is used to weight the variance contribution from 
the variables according to the rate of change in the function with a 
change in the variable x^. For a simple function of f(y,z)=y+z, the 
partial derivatives of f with respect to y and z are both one, and the 
variance in f is simply the sum of the variance in y and z. This is the 
familiar expression for calculating the standard deviation in the sum of 
two independent variables, where it is remembered that the variance is 
the 'squared error' (i.e., the square of the standard deviation), and 
that the variance in f is the sum of the squared errors in the individual 
variables. 
In the expression for , the variables are the counts, x^j, in the 
mineral-size classes. The weight per particle, s^j, is assumed to be 
constant for each particular mineral-size class, but is expected to be 
different for different size classes. The variable x^j is assumed to be 
a Poisson variable for which the variance is estimated by x^j, and the 
standard deviation in xjj is estimated by /x^j. 
Since the standard deviation of a constant times a variable is equal 
to the constant times the standard deviation in the variable, the 
standard deviation in w^j, SD(Wj^j), is equal to s^j/x^j. The variance in 
Wj^j is then equal to (sjj)^Xj^j. 
Remembering that W is the sum of independent xjj's, the variance in 
W is the sum of the variances in the x^j's. 
Var(W) = EEVar(xi,i) = SE(si.i )^xi.n = EZsuiWi-i (28) 
kl kl kl 
The partial derivative of X^j with respect to x^j is 1/W (from 
equation 26). The partial derivative of with respect to W is -w^j/W^ 
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(also from equation 26). 
It is then possible to estimate the variance in by substituting 
these expressions into equation 27 to yield equation 29a. 
Var()4j) = SijVij + g(SkiVki) (29a) 
Remembering that = Wjj/W, 
®ii\i 
Var(Xi.) = ^ ^  ZZ(SkiXki) (29b) 
W W kl 
Var(Xip= (29c) 
For small values of Xj^j and similar values of s^j and s^i, the term in 
brackets in equation 29c will reduce to unity, and only the fraction, 
SjjXjj/W, will remain as the estimate of variance in Xjj. That fraction 
in equation 29c is functionally the same ratio as was used in the 
development of the calculation of the standard deviation from the count. 
Remembering that the standard deviation is the square root of the 
variance, and that the relative standard deviation (or coefficient of 
variance) is the standard deviation divided by the mean value, consider 
the following expressions. 
SD<Xjj) = (30) 
^ I " J 
. piL-t" . pit" f-Lf (31b, 
VCij 
where CV(Xjj) is the coefficient of variance of 
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But the last expression for the coefficient of variance of is 
identical to the expression for the coefficient of variance of the count 
fraction, pjj (equation 7). A development of the variation based on this 
part of the variance in would lead to identical estimates for the 
standard deviation of the weight fractions. 
The term in the brackets in equation 29c represents a correction 
factor to the variation in X^j due to count alone, and includes the 
variation in Xjj due to the variation in the total weight of mineral 
particles analyzed. The ratio (Ski/s^j) represents the effect on the 
variance in Xjj from a non-uniform weight per particle. Therefore, 
equation 29c estimates the variation in due to variations in count, 
the total particle weight, and non-uniform weight per particle. 
For a uniform weight per particle, which is the goal of a 
partitioned analysis, the weight fraction per particle effects cancel out 
of equation 29c and should lead to a formula similar to the formula for 
the variance of a proportion, p^j, which was presented as equation 2, and 
which is reproduced below as equation 33. 
But ght fraction of the total weight. 
And V/s^j = N, the total particle count, given uniform s^j's, so that 
(29c) 
(32a) 
(32b) 
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VarCXj.) = ^ (32c) 
^ N 
Var(Pii) = -id ^ (33) 
^ N 
Notice that the term in the brackets from equation 29c reduces to (1+X^j) 
in equation 32c which may be compared to (l-p^j) of equation 33. The 
difference in these terms is small for small values of p^j and . 
However, major differences can arise for large fractions, p^j or j. 
The difference arises from the view of the problem. In the delta method, 
the variance in each term, Wjj was taken to be (sjj)^Xj^j which results 
from considering Xj^j as a Poisson variable. In fact, there is a 
constraint on the 's that all values add up to unity so that the 
variance of each w^j is less than (sjj)^xjj. The variance of xjj should 
include a term of the approximate form (1-X^j) (David, 1986) to 
incorporate the effect of this constraint. The derivation of the exact 
expression for that term is beyond the scope of this dissertation. The 
bracketed term will be used as a correction factor as it was presented in 
equation 29c, and will lead to a corrected, but conservative, estimate 
for the variation in . The conservatism will be small for small 
values of X^j. 
The bracketed quantity in equation 29c was previously shown to be a 
correction factor to the variance in X^j (i.e., s^jX^j/W = (Wj^j^)/Xj^j) 
calculated from the count. Since the fraction has no units associated 
with it, it may also be used to correct the variance in other values that 
are proportional to X^j, such as the weight fraction expressed on a dry 
coal basis. Similarly, the square root of bracketed term may be used to 
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correct estimates of the standard deviation. The correction may be 
applied to either the error limits presented in Tables 17b-29b, or it may 
be applied to the standard deviations reported in Tables 31-33. The 
expression for the correction factor, g, to the standard deviation is 
presented below as equation 34. 
A set of corrections to the standard deviations for the 5 coals with 
the largest spread in standard deviations was calculated and is presented 
in Table 34a and 34b. For those corrections, the data for the count, the 
weight fraction (w^j), the average weight fraction per particle (Aj=Sjj), 
and the standard deviation in Wj^j was copied over from Tables 32 and 33. 
was used as the value of s^j in equation 29c. The value used for s^j 
does not have to be in any particular units, as long as the units of s^j 
and V are consistent (e.g., weight fraction of dry coal per particle and 
weight fraction of dry coal, both in percent). In addition, a set of 
correction factors is calculated and applied to the standard deviations 
for the Adaville raw coal. Those data are presented in Table 34a to show 
the minimal changes in the standard deviations when using the above 
corrections with results from a more properly partitioned analysis. 
If the correction factors are applied to error estimates in 
individual mineral size categories, the corrections will be only 
approximate, since the correction factors in Tables 34a and 34b were 
calculated to include only the variation in s^j with size. The 
corrections may also be applied on a mineral basis by including the 
variation of s^^ with mineral type within a size range. 
(34) 
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Table 34a. Corrected precision estimates for coal samples analyzed with 
a large range in the average weight fraction per particle 
Coal \ Size 0-4 4-7 7-12 12-21 21-36 >36 Total 
Adaville 11 raw 
Count 518 
Wt. frac. Wj j  0.95 
i  9 - 1  
(xlO*) 1827 
Correction® 1.23 
Abs. SD(Wii). 0.042 
Adj. SD(Wij)* 0.052 
Oietz 1&2 raw 
Count 1980 
Wt. frac. Wji 0.95 
X i i ^  q )  i  15.8 
(xio*) 481 
Correction® 4.41 
Abs. SD(Wii). 0.021 
Adj. SD(Wij)* 0.093 
= weight fraction of mineral matter. 
^s^jzAj = weight fraction per particle. 
^Correction = g = (1+a)®*^ from equation 34. 
^Adjusted standard deviation = Abs. SD(w^j) * g. 
The corrected standard deviations in Tables 34a and 34b appear to 
more realistically reflect the variation in the weight fractions. 
Returning to the example of the 200 mesh Dietz raw coal, the adjusted 
standard deviation in the 0-4 pm size range was 0.09%, compared to the 
original estimate of 0.02%. The new standard deviation would encompass 
the change in weight fraction of 0.04 in the 0-4 ym size rcnge for an 
additional particle in the >36 ym size range. 
Large correction factors may be noted for size ranges with 
relatively small values of s^j. For example, a correction factor of 9.10 
was calculated for the 0-4 ym size range of completely-cleaned Pittsburgh 
6 mesh coal wtiich had a 6^ value of 0.000052 compared to a maximum 
383 892 
2.03 0.77 
19.5 7.4 
5309 864 
1.17 1.37 
0.104 0.026 
0.131 0.036 
615 200 
1.00 0.96 
16.6 16.0 
1619 4782 
2.60 1.70 
0.040 0.068 
0.104 0.115 
451 328 
1.10 1.03 
10.6 9.9 
2442 3148 
1.20 1.15 
0.052 0.057 
0.062 0.066 
75 20 
1.07 1.01 
17.8 16.8 
14209 50475 
1.30 1.09 
0.123 0.226 
0.161 0.246 
232 2804 
4.53 10.41 
43.5 100.0 
19509 3712 
1.11 1.13 
0.297 0.328 
0.330 0.372 
4 2894 
1.03 6.01 
17.1 100.0 
257300 2077 
1.02 1.08 
0.515 0.581 
0.524 0.627 
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Table 34b. Corrected precision estimates for coal samples analyzed with 
a large range in the average weight fraction per particle 
Coal \ Size 0-6.3 6.3-20 20-63 63-200 200-632 >632 Total 
Illinois No. 6 14x0 mesh raw 
Count 
Wt. frac. Wi i 
(xio®) 
Correction^ 
Abs. SD(Wii). 
Adj. SD(Wij)d 
Pittsburgh 6x0 mesh raw 
Count 
Wt. frac. Wji 
a /v\ 
1977 927 1811 134 12 4861 
1.48 3.30 2.48 2.09 1.57 10.92 
13.6 30.2 22.7 19.1 14.4 100.0 
750 3566 1366 15566 131008 2246 
2.29 1.73 2.21 1.02 1.01 — 1.09 
0.033 0.109 0.058 0.180 0.454 — 0.505 
0.075 0.188 0.128 0.183 0.460 — 0.550 
(xlO*) 
Correction*^ 
Abs. SD(Wii) 
Adj. SD(v;j)d 
1863 2432 200 18 4513 
0.97 4.37 3.56 3.10 12.00 
8.1 36.4 29.7 25.8 100.0 
518 1796 17820 172311 2659 
2.98 3.35 1.36 1.04 1.14 
0.022 0.089 0.252 0.731 — 0.779 
0.066 0.298 0.342 0.758 0.886 
Pittsburgh 6x0 mesh intermediate 
Count 
Wt. frac. Wii 
Si3.aj° (xio*) 
Correction^ 
Abs. SD(WJ^) 
Adj. SD(Wij)d 
Pittsburgh 6x0 mesh cleaned 
Count 
Wt. frac. Wii 
a /v\ 
1310 2547 197 15 4173 
4.78 11.37 7.77 5.29 — 29.22 
16.4 38.9 26.6 18.1 100.0 
3649 4464 39442 352667 7002 
2.11 2.77 1.23 1.02 1.13 
0.132 0.225 0.544 1.366 — 1.493 
0.278 0.624 0.670 1,392 1.689 
^j (P 6 
Sii.AiO (xlO?) 
Correction^ 
Abs. SD(Wia) 
Adj. SD(wij)d 
2665 559 39 6 3377 
0.14 0.26 0.18 0.42 1.00 
14.0 26.0 18.0 42.0 100.0 
52 465 4615 70000 296 
9.10 4.24 1.48 1.09 1.14 
0.003 0.011 0.028 0.170 — 0.173 
0.027 0.047 0.041 0.185 — 0.197 
= weight fraction of mineral matter. 
= weight fraction per particle. 
^Correction = g = (1+a)®*^ from equation 34. 
dAdjusted standard deviation = Abs. SD(Wij) * g. 
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value of 0.070 for particles in the 63-200 yra size range (i.e., a 1346 
fold difference in Sjj). It may also be noted from the 0-4 and 12-21 ym 
size ranges of Adaville coal (Table 34a) that a 10-fold difference in sjj 
resulted in a 20% correction (i.e., g ~ 1.2). From the 0-6 ym size range 
of the partially-processed Pittsburgh coal it may be noted that a 100-
fold difference in s^j led to a 100% correction factor (i.e., |3 = 2.11). 
Therefore, an image analysis may be quite poorly partitioned with respect 
to area of analysis before significant correction factors become 
necessary. Examination of Tables 31-33 indicate that some correction may 
have been in order for the smallest size ranges of additional coal 
samples (Illinois No. 6 cleaned, Pittsburgh raw, Pittsburgh cleaned, 
Dietz cleaned, and Illinois 14x0 mesh cleaned) due to more than a 10-fold 
range in A^ss^j. However, the relative standard deviation for those same 
size ranges were very low (i.e., <5%) and it will soon be shown that 
uncertainty in the mineral matter determination can significantly add to 
the uncertainty in the weight fraction determinations so that it would 
not be worthwhile to make detailed revision of such error estimates which 
account for a minor part of the total error. 
The right hand "Total" column in Tables 34a and 34b contains psuedo-
standard deviations and correction factors for the total of all mineral-
size categories. The values are not the true standard deviations in the 
total of all size ranges of all mineral categories, since the total of 
all categories is constrained to be the mineral matter content. The 
values are calculated as the square root of the sum of the squares of the 
standard deviation in the size ranges, and provide another indication of 
the overall correction to the standard deviations. It may be seen that 
the largest correction factor to these values is 1.14 for the completely-
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cleaned Pittsburgh 6 mesh coal. Therefore, the uncertainty in the 
mineral distributions did not change much for the five coals with very 
large ranges in Aj=sjj. 
Even with the adjustments indicated in Tables 34a and 34b, the 
significant differences can sometimes be noted in the character of 
mineral matter within a coal and in different coals. For example, the 
character of the miscellaneous minerals in the partially-processed 
Pittsburgh coal does have a definite peak in the 6.3-20 ym size range, 
even with the adjusted standard deviations, due to the shear magnitude of 
the difference from the weight fraction in the other mineral-size 
classes. The weight fraction was measured to be 8.05% of the dry coal. 
Twice the standard deviation for the entire size range from Table 34b is 
1.25% (= 2 * 0.624%) and may be used as a confidence limit. A similar 
limit of 1.34% (= 2 * 0.670%) may be established for the 20-63 ym size 
range with a weight fraction of 5.27%. The confidence interval for the 
difference of the values calculated as the root of the sum of the squared 
deviations for each value is 1.83% (= (1.25^ + 1.34^)®*^). This is less 
than the difference in the weight fractions (2.78%), so that the 
difference is concluded to be significant. However, due to the large 
standard deviations for many size ranges of these five coals, only large 
differences in weight fractions can be considered significant. 
Detailed applications of the uncertainty limits will be deferred to 
the next sections where actual comparisons of weight fractions between 
categories in the same coal or between different coals will be made. 
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Allowance for uncertainty in the mineral matter estimate 
The above discussion and the error estimates in Tables 17b-29b have 
considered only the uncertainty in the results due to limited counts in 
the image analysis. There are tvo additional sources of uncertainty to be 
considered due to uncertainty associated with the sampling of coal for 
analysis euid due to uncertainty in the mineral matter estimate. The 
uncertainty in the sampling is not easily analyzed but might be estimated 
by analyzing several pellets prepared from the same coal, determining the 
variation in the results, and performing an analysis of variance to 
determine the portion of the variation due to sampling and the portion 
due to counting statistics. Ideally, the error calculated from the 
sampling of the pellet surface during image analysis would also reflect 
much of the error involved in sampling a particular jar of coal. The 
actual tests and evaluation will be left to future work. 
The uncertainty in AIA results due to uncertainty in the mineral 
matter determination is more easily analyzed. For AIA weight fraction 
analyses expressed as percent of mineral matter, the error calculated 
from the particle count should appropriately reflect much of the error in 
the relative mineral distribution. Therefore, those values tabulated in 
Tables 17b-29b should be appropriate for evaluating differences in the 
mineral distribution within a coal. However, comparisons of mineral 
fractions from one coal to another require consideration of the error in 
the mineral matter estimate. The analysis of uncertainty due to the 
mineral matter determinations will be considered below. 
The delta method may be used to estimate the additional variance in 
the weight fractions due to uncertainty in the mineral matter content. 
The weight fraction in any category is w^j = The variance in wj^j 
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may be calculated from equation 35. 
Var(Wii) = —^ • Var(\i) + ^ • Var(MM) (35) 
^ UXijJ ^ UMM J 
The partial derivative of w^j with respect to is simply MM, the 
mineral matter content. The partial derivative of with respect to 
MM, the mineral matter content, is simply , the fraction of the 
mineral matter in the ij-th category. 
The variance in Xjj was calculated above using equation 29c. The 
variance in the mineral matter content may be estimated from the 
allowable error in the mineral matter determinations. ASTM standard D-
3174 (ASTM, 1983) sets three different reproducibility limit on ash 
determinations dependent on the character of the ash. Limits are set at 
0.3% for mineral matter without carbonates, 0.5% for coals with 
carbonates, and 1.0% for coals with more than 12% ash containing 
carbonates and pyrite. Assuming the reproducibility limit to be twice 
the standard deviation in the ash determinations, the coefficient of 
variance in the ash determinations would be 4.2% (= 100%*(1.0%/2)/12%). 
There is some additional uncertainty in the mineral matter estimate from 
uncertainty in the pyritic sulfur determinations and the constants used 
to estimate mineral matter content. For purposes of discussion, the 
standard deviation in the mineral matter content will be estimated as 5% 
of the mineral matter content. 
Substituting these parts into equation 35 yields the following 
equations 36a-c. 
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Var(Wij) = MM2 • Var(\j) + (\j)^ • Var(MM) (36a) 
= Var(MM'\j) + (0.05"MM'Xij)2 (36b) 
= Var(MM-Xij) + (0.05 Vij)^ (36c) 
The first term in equation 36c is simply the variance in Wjj as 
calculated in Tables 17b-29b, or as corrected in Tables 34a-b. This 
follows since the variance of a constant times a function (w^j = MM'X^j) 
is equal to the constant squared times the variance of the function. The 
second term is essentially a proportional allocation of the variance in 
the mineral matter estimate to the various categories based on the weight 
fraction in each category. An additional uncertainty of 5% of the weight 
fraction needs to be added to the original estimates of the standard 
deviation in the weight fractions. A similar equation may be developed 
to correct the confidence limits by doubling the 5% factor in the second 
term of equation 36c to 10%. 
An application of equation 36c will show the impact of this 
additional variation. Consider the data for the Illinois 6 raw coal in 
Tables 17a-b. The weight fraction of quartz in the 4-7 ym size range was 
measured at 1.48±0.11%. A revised error estimate for that weight 
fraction is 0.18% (=10.11^+(0.1'1.48)^1®*^) from equation 36c (for which 
the 5% factor has been doubled). The original estimate of error in the 
weight fraction was only ±7.4% (=100%*0.11%/1.48%), relative. Therefore, 
inclusion of the ±10% uncertainty in the mineral matter content markedly 
increased the uncertainty to ±12.2% (=100%*0.18%/1.48%), relative, which 
is only slightly higher than the ±10% error due to variation in the 
181 
mineral matter content alone. The weight fraction of quartz in the >36 
urn size range was measured at 0.85±0.32%. The revised error estimate for 
that category would be ±0.33% (=[0.32^+(0.1'0.85)^]®*^). The original 
estimate of error was ±38% (=100%-0.32%/0.85%), relative. The final 
estimate of error was ±39% (=100%*0.33%/0.85%), relative. Since the 
relative error was large to begin with, there was little change with the 
inclusion of the variation in mineral matter content. 
Therefore, for categories with low initial estimates of relative 
error, the final relative error is dominated by the the uncertainty in 
the mineral matter content and is only slightly larger than ±10%. For 
categories with relative errors initially larger than ±10%, the 
additional variation due to uncertainty in the mineral matter content 
makes only a small contribution to the uncertainty. 
Summary of precision discussion 
Precision in the AIA results was first checked by examining the 
impact of the single largest mineral particle on the AIA results. In 
ten of the thirteen analyses, the largest particle accounted for more 
than 1% of the total mineral area analyzed. Since the largest particle 
had such a large effect on the analysis, blanket values of precision 
calculated from the maximum particle effect would have been unsuitably 
large and would not have revealed any significant differences in the 
mineral distributions. 
Therefore, the precision was considered as calculated on a category-
by-category basis from the square root of the count in a category. The 
error limits were much smaller and indicated significant differences in 
the mineral and size distributions. However, large deviations in some of 
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the categories again indicated that a few large particles accounted for a 
disproportionately large amount of the mineral matter, and the count and 
weight fractions were not similar. Therefore, the precision was 
considered using the concept of an average weight per particle. 
The average weight per particle in a size range permitted precision 
to be quickly estimated, and it provided a measure of the similarity in 
count and weight fraction distributions. The weight fraction in a 
category along with the average weight per particle for the size range 
provided estimates of the error in the results that were fairly accurate 
for minerals with densities close to the average density for the size 
range. Examination of the range of the average weight fractions per 
particle revealed that five of the thirteen analyses so severely deviated 
from the uniform weight per particle that the standard deviation in the 
results for the smaller size ranges was no longer satisfactorily 
estimated by the standard deviation calculated from the count. 
A correction to the standard deviation calculated from the count was 
developed using the delta method and was applied to the error estimates 
for five of the analyses. The revised error estimates appeared to 
correctly estimate the variation in all size categories for comparison of 
weight fractions as a function of mineral type or size within the same 
sample. 
A further correction was needed to the error estimates to reflect 
the uncertainty in the mineral matter determination before AIA results 
could be compared between coals. Again using the delta method, it was 
shown that an additional relative error needs to be added to the error 
calculated from the count corresponding to the relative error in the 
mineral matter determination. This forces a limit on the precision that 
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can be achieved in AIA results for coal comparisons. There is no sense 
in trying to limit count errors in AIA results to ±5%, relative, if the 
relative error in the mineral matter determination is ±10%, relative, 
yielding a total relative error of 11%. 
It is difficult to precisely estimate the error in the mineral 
matter determination. Therefore, it is difficult to estimate the 
additional error in the AIA results. The error in the mineral matter 
estimate may be approximated by ±10%, relative, from the ASTM 
reproducibility limit for ash analyses. For some size categories with 
low errors calculated from the count, the total error was only slightly 
more than ±10% relative. For many categories, the error due to the count 
was already larger than ±10% and the revised error estimate was only 
slightly larger than the original estimate. Therefore, comparisons of 
AIA results between coals will require little correction of the error 
estimates, except to check that the error estimate for any measurement is 
at least ±10%, relative. 
Application to Raw Coal Mineralogy 
AIA provides a powerful technique for characterizing the mineral 
matter in coals. The primary advantages of AIA are the ability to 
provide size distributions for all mineral forms and sensitivity to the 
presence of trace minerals. 
The AIA results for the six raw coal samples will be discussed in 
the following paragraphs with particular emphasis on differences in the 
mineral distributions within a coal and between coals. 
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Mineral matter character 
The first aspect of the mineral matter distributions to be examined 
is the distribution of mineral matter between the various minerals in the 
six raw coals. The mineral matter analyses of the six raw coals are 
summarized in Table 35. The data are taken from the "Totals" column of 
Tables 17a-b, 19a-b, 21a-b, 23a-b, 25a-b, and 27a-b, and represent the 
mineral matter expressed as weight fraction dry coal in each mineral form 
along with associated error limits. (In view of the previous discussion 
on precision, the error in the 200 mesh Dietz, the 14 mesh Illinois, and 
6 mesh Pittsburgh coals calculated from the count underestimates the 
actual variability in the AIÂ estimates of the weight fractions. Detailed 
comparisons of these coals require referral to Tables 34a-b for 
correction factors to the error estimates.) The format of Table 35 
permits a quick comparison of the differences in mineral content from 
coal to coal- The format also permits comparison with results of other 
mineralogical techniques applied to these or similar coals. 
The dominant minerals were typically pyrite, kaolinite, illite, 
quartz, and sometimes calcits and iron sulfate. Large differences were 
observed in the dominant mineral forms from coal to coal, both in the 
identity of the minerals and in their abundance. 
Examination of the data for the 200 mesh Illinois No. 6 raw coal 
(column 1) shows pyrite, quartz, kaolinite, illite, iron sulfate and 
calcite as the major mineral phases. Examination of the data for the raw 
Pittsburgh sample (column 2) shows the same major minerals, with the 
notable absence of calcite. Also, a significantly larger fraction of the 
mineral matter was analyzed to be pyrite. 
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Table 35. Summary of AIA mineral analyses of raw coal samples 
Illinois Pittsburgh Adaville Dietz Illinois Pittsburgh 
——————————— 200 mesh ————————————— 14 mesh 6 mesh 
Iron Sulfate 0.49 0.46 0.08 0.07 0.26 1.31 
±0.14 ±0.12 ±0.06 ±0.06 ±0.09 ±0.75 
Pyrite 5.68 4.03 0.12 0.94 1.86 2.66 
±0.62 ±0.47 ±0.07 ±1.01 ±0.25 ±0.73 
Pyrite and Misc. 0.23 0.06 0.00 0.02 0.20 0.33 
±0.07 ±0.02 ±0.00 ±0.01 ±0.10 ±0.07 
Kaolinite 3.36 0.96 0.53 1.23 1.53 2.64 
±0.28 ±0.08 ±0.10 ±0.26 ±0.40 ±0.83 
Illite 1.46 0.74 0.32 0.23 2.93 1.94 
±0.25 ±0.08 ±0.14 ±0.20 ±0.91 ±0.66 
Hontmorillonite 0.03 0.02 0.26 0.03 0.00 0.02 
±0.02 +0.01 ±0.14 ±0.02 ±0.00 ±0.01 
Chlorite 0.02 0.20 0.07 0.02 0.03 0.09 
±0.16 ±0.07 ±0.07 ±0.02 ±0.02 ±0.04 
Mixed Clay 0.29 0.19 0.11 0.11 0.56 0.72 
±0.08 ±0.08 ±0.07 ±0.11 ±0.11 ±0.23 
Quartz 5.33 0.58 3.44 1.83 2.58 1.64 
±0.41 ±0.08 ±0.34 ±0.58 ±0.25 ±0.51 
Gypsum 0.07 0.01 0.00 0.03 0.00 0.03 
±0.03 ±0.00 ±0.00 ±0.01 ±0.00 ±0.03 
Apatite 0.10 0.00 0.62 0.05 0.00 0,00 
±0.11 ±0.00 ±0.20 ±0.02 ±0.00 ±0.01 
Dolomite 0.01 0.01 0.00 0.00 0.00 0.00 
±0.01 ±0.00 ±0.00 ±0.00 ±0.00 ±0.00 
Calcite 0.85 0.07 0.07 0.28 0.16 0.01 
±0.27 ±0.02 ±0.05 ±0.06 ±0.20 ±0.02 
Iron-rich 0.16 0.23 2.18 0.05 0.01 0.08 
±0.07 ±0.10 ±0.48 ±0.02 ±0.01 ±0.07 
Silicates 0.29^ 0.10 0.01 0.05 0.20 0.27 
zG.GS ±0.08 ±0.02 ±0,02 ±0.05 ±0.33 
Miscellaneous 0.12 0.60 2.61 1.09 0.61 0.25 
±0.05 ±0.16 ±0.21 ±0.16 ±0.10 ±0.05 
Mineral Matter® 19.32 8.26 10.41 6.01 10.92 12.00 
^Mineral matter = (1.13 * Ash) + (0.47 * Pyr.S.) from Tables 1, 2 
and 3. 
Examination of columns 3 and 4 for the raw western coals reveals 
significant differences in mineral distributions for those coals in the 
following areas. The Adaville coal contained significant amounts of 
quartz, an iron-rich compound, miscellaneous (i.e., unidentifiable) 
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phases, apatite, and minor amounts of kaolinite and illite. The iron-
rich mineral may be siderite or an iron oxide or hydroxide. However, the 
material is apparently inherent in the coal and is not contamination from 
the heavy-media separation, since a chlorinated hydrocarbon was used for 
the heavy-media bath instead of the magnetite (Fe^O*) slurry that is used 
in commercial cleaning plants. The Adaville coal also exhibits a 
noticeable lack of pyrite which distinguishes the coal from the Illinois 
and Pittsburgh samples. 
The apatite content in the Adaville sample demonstrates the ability 
of AIA to detect and measure small amounts of trace minerals. As a 
result of AIA detecting a significant amount of apatite, a sample of the 
raw coal was submitted for additional X-ray diffraction analysis. X-ray 
diffraction confirmed the presence of a minor amount of a mineral phase 
with the apatite structure. The apatite had gone unnoticed in an earlier 
X-ray diffraction analysis of a low temperature ash of the coal. The 
sensitivity of the AIA technique to this discrete but minor phase was 
used to focus further attention on that phase. 
The raw Dietz coal also exhibited quartz as the dominant mineral 
phase followed by significant amounts of kaolinite, pyrite and 
unidentifiable minerals. Since the pyrite content was primarily 
contained in the >36 ym size range, and since only 4 particles were 
analyzed in that size range, the pyrite content has a very high 
uncertainty associated with it. Small, but measurable amounts of calcite 
and illite were also found for the Dietz coal. 
Analysis of the 14 mesh Illinois and 6 mesh Pittsburgh coals before 
Gravimelt processing produced generally similar results to those found in 
the analyses of the 200 mesh raw coals used in the float-sink processing. 
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The size distributions of the minerals are not directly comparable due to 
the vide differences in the size of the raw coal particles. The amounts 
of the mineral matter are not directly comparable on a dry coal basis 
either, since the samples contained different mineral contents. However, 
the proportions of the minerals within the mineral matter are generally 
similar. A comparison of the two pairs of raw coals is presented as 
Table 36 along with ASTM analyses of pyritic sulfur and mineral matter 
content. Those values were used to estimate the pyrite fraction of the 
mineral matter for comparison with AIA results. 
AIA results for the two Illinois samples indicate similar 
proportions of kaolinite, quartz, and iron sulfate. AIA results for the 
14 mesh sample used in the chemical cleaning study showed a pyrite 
fraction of only one half of that for the 200 mesh raw coal, but showed 
substantially more illite. The calcite proportion in the 14 mesh sample 
was found to be only one third the fraction that calcite made up of the 
200 mesh coal. 
The two Pittsburgh coals show similar agreement. The kaolinite, 
illite, quartz and iron sulfate were analyzed to occur in similar ratios 
in both raw coal samples. However, there was significantly more pyrite 
found in the 200 mesh raw coal. 
These two pairs of raw coals were not from the same mine sampling; 
therefore, the extent of the agreement between the samples seems quite 
good, even in view of the different AIA pyrite estimates. ASTM values 
confirm that the coals are significantly different. The mineral matter 
and pyritic sulfur contents in the 200 mesh sample of Illinois coal were 
about twice as high as they were in the 14 mesh coal. When estimates of 
the pyrite fraction of the mineral matter were used to compare the coals, 
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Table 36. Comparison of mineral abundances in two different samplings of 
raw Illinois and Pittsburgh coals. Mineral fractions are 
expressed as weight percent of mineral matter 
Illinois No. 6 
200 mesh 14 mesh 
Physical Chemical 
Cleaning Cleaning 
Pittsburgh 
200 mesh 6 mesh 
Physical Chemical 
Cleaning Cleaning 
ASTH values: 
Pyritic sulfur® 
Ash® 
Mineral Matter®'" 
Pyrite/MM^ 
2.37 
16.11 
19.32 
22.9 
1.04 
9.23 
10.92 
17.8 
1.35 
6.75 
8.26 
30.5 
1.78 
9.88 
12.00 
27.7 
AIA values: 
Iron Sulfate 2. 54±0. 71 2. 37+0. 79 5 .57±1. 45 10, 95+6. 26 
Pyrite 29. 41±3. 19 17. 02+2. 31 48 .82+5. 64 22. ,17+6. 10 
Pyrite & Misc. 1. 21±0. 35 1. 79+0. 91 0 .69+0. 22 2. ,79+0. 60 
Kaolinite 17. ,39±1. 44 14. 01±3. ,66 11 .66+0. 93 21. ,96+6. 95 
Illite 7. ,54±1. 30 26. 80+8. 30 8 .96+0. 98 16. 1815. 47 
Montmorillonite 0. 17±0. 11 0, ,02+0. 03 0 .22+0. 08 0. 1810. 07 
Chlorite 4. ,25±0. 85 0. ,25+0. 16 2 .45+0. 81 0. 71+0. 29 
Mixed Clay 1. ,53±0. 41 5. 13+0. 97 2 .25+0. 92 5. 98±1. 95 
Quartz 27. 59±2. 14 23. 61±2. 26 7 .0511. 02 13. 6814. 24 
Gypsum 0. 36±0. 16 0, .0310, .03 0 .08+0. 05 0, .25+0. 24 
Apatite 0. 53±0. 56 0, .01±0, .02 0 .0310. 04 0, 02+0. 05 
Dolomite 0, .07±0. 07 0, .0310, .05 0 .0610. 06 0, .0110. 03 
Calcite 4, .42±1. 42 1, .44+1, .80 0 .88+0. 27 0, .10+0. 13 
Iron-rich 0, .84+0. 42 0. 12+0, .07 2 .84±1. 17 0 .6610. ,56 
Silicates 1 .52+0. ,42 1 .7910 .44 1 .1910. ,99 2 .24+2. ,76 
Miscellaneous 0 .63+0. 24 5 .55+0 .89 7 .26+2. 00 2 .1110. ,45 
Total 99.99 99.97 100.01 99.99 
®ASTM values are taken from Tables 1, 2, and 3. 
"Mineral matter was calculated as 1.13 * (Ash) + 0.47 * (Pyritic 
sulfur). 
Cpyrite fraction of the mineral matter was calculated as [(ASTM 
pyritic sulfur content) » (53.5% S in pyrite)J 4- (mineral matter 
content). 
the two samples of Illinois coal appeared more similar, although there 
still appears to be a significant difference between the samples (i.e., 
22.9% vs. 17.8%). The pyritic sulfur and mineral contents are more 
similar in the Pittsburgh samples, but the 200 mesh coal still exhibits a 
higher fraction of pyrite in the mineral matter, as determined by ASTH. 
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What is perplexing about the results is the general similarity in 
the ASTM pyrite fraction estimates between samples of the same coal 
compared to the large differences in the same comparisons made from AIA 
results. Pyrite fractions measured by AIA for the 200 mesh coals are 
considerably higher than the corresponding ASTM estimates, while the AIA 
and ASTM estimates are within experimental error for the 14 mesh and 6 
mesh samples. The agreement of AIA and ASTM pyrite estimates will be 
discussed in more detail in a later section. It is mentioned here since 
the discrepancy and/or agreement between the AIA and ASTM results is not 
consistent. 
Several factors may influence the pyrite measures and why AIA and 
ASTM agree for one size sample and not another. The most significant 
factor is likely one of sampling. Several samplings are necessary in 
producing the above results. Beginning with a single sample of coal, 
subsamples are taken for AIA and ASTM analysis. ASTM standard D-2013 
(ASTM, 1983) prescribes a minimum weight of sample to take at any 
particular mesh size to insure a representative sample. For example, 500 
grams are specified at a particle size of 850 ym (i.e., 20 mesh). A 
sample is taken, ground to a finer size, split further, and finally 
submitted for analysis. Even so, there can be considerable variation in 
the results as may be observed between the TRV and Ames Laboratory 
determinations of sulfur forms in Tables 2 and 3. 
AIA also requires a number of sampling steps. For particle size 
analysis, grinding of the sample is to be avoided. Therefore, a larger 
sample size is needed for a representative analysis of coarse coals. 
This is indicated from equation 1, since the minimum pellet surface to be 
examined increases with the square of the maximum particle diameter. The 
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analyses of the coarse Illinois and Pittsburgh raw coals resulted in 
ratios of total mineral area to maximum particle area of 17.8 and 21.0, 
respectively (Table 30). Since the analyses included only a small 
sampling of large particles, the results are characterized by the 
relatively large uncertainties indicated in Table 36 for these coals. 
However, the tabulated uncertainties do not account for all the observed 
differences between AIÂ and ASTM values. The AIA'values may be precise 
measures of the pellet surface within the error limits presented. But 
there remains a question of how representative the pellet surface was of 
the original coal sample. For example, since only a small amount of coal 
(~5 g) was used to produce a pellet for analysis, there is a great 
uncertainty associated with that sampling in view of the ASTM 
recommendation that a sample of 500 g be used for 20 mesh coal. 
There is also a possible difference in the character of the pyrite 
in the two different samplings of the same coal. A porous pyrite 
microstructure can lead to severe overestimation of the pyrite particle 
area by AIA. This will also be discussed in a later section. If the 
samples differ in the apparent density of the large pyrite particles, 
then the differences in AIA pyrite results might be explained by more 
porous pyrite in the 200 mesh coals. It is also remotely possible that 
thresholding effects on small particles of pyrite in the 200 mesh coal 
may be causing an increase in the pyrite fraction. However, as will be 
discussed in a later section, this effect would also be inadequate to 
explain the discrepancy. 
The issue is left an open question. The problem will not likely be 
resolved until samples of the same coal sample can be analyzed by AIA at 
various particle sizes, following successive stages of grinding, and with 
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a properly partitioned analysis of sufficient surface area to yield a 
precise analysis. An independent, precise, and accurate measure of 
pyrite and/or pyritic sulfur would also help greatly. 
Meanwhile, comparison of the pairs of Illinois and Pittsburgh coals 
suggests the following basic differences between the two seams. The 
Illinois sample consistently displayed a higher quartz content. Using 
quartz as a reference mark, the kaolinite/quartz and pyrite/quartz ratios 
were notably greater in both Pittsburgh samples than in the Illinois 
samples. It appears that such differences may be sufficiently large to 
distinguish the character of the Illinois coal from the Pittsburgh coal. 
Mineral size distributions 
The size distributions of the minerals vary considerably from one 
mineral to another and from one coal sample to another. The float-sink 
cleaning process is particularly sensitive to the mineral particle size 
since the particle size is indicative of the mineral particle mass, and 
therefore, of the effective density of the coal-mineral.composite 
particle. Therefore, the size distributions of raw coal may provide some 
hint of cleaning behavior. 
The mass of minerals was distributed more-or-less uniformly across 
the entire range of sizes of 200 mesh Illinois coal, as shown in Figure 
12. Some significant deviations from uniform may be noted. For example, 
the peaks in the pyrite and quartz distributions are significant in the 
>36, and 0-7 um size ranges. The peaks in the kaolinite and illite 
distributions at 0-7 pm also appear to be significant. However, the 
difference between illite weight fractions at 21-36 and >36 um does not 
appear to be significant (i.e., 0.20±0.06 and 0.39±0.22 from Tables 17a-b 
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are not significantly different). 
Since a considerable amount of mineral matter is present in the 
large size ranges of Illinois coal, it appears that a large portion of 
the mineral matter may be removed during float-sink cleaning. The large 
weight fractions in the 0-4 and 4-7 ym size ranges would tend to indicate 
that a significant amount of the mineral matter will also be difficult to 
remove (45% of the mineral matter is smaller than 7 urn in diameter). 
The Pittsburgh coal also displays a broad distribution of minerals 
across all size ranges. It is different in exhibiting a very abrupt peak 
in the pyrite distribution in the >36 ym size range. Minor peaks are 
also indicated in the kaolinite and illite distributions in the 4-7 ym 
size class. Comparison of the weight fractions in each size range of the 
Illinois and Pittsburgh coals shows roughly similar distribution of the 
mineral matter with size. For example, 29% of the Pittsburgh mineral 
matter was less than 7 ym compared to 45% for the Illinois coal. 
Similarly, 37% of the Pittsburgh mineral matter was coarser than 21 ym 
compared to 33% for the Illinois coal. 
This superficial examination of the mineral distributions, apart 
from knowledge of the coal-mineral association, would lead to the 
prediction that a similar fraction of the mineral matter in the two coals 
should be subject to removal. The actual cleaning behavior will strongly 
depend on the mode of occurrence of the mineral particles, whether they 
are concentrated together in dense composites or scattered widely 
throughout the coal, and whether they are associated with the coal or 
free from association with the coal. This prediction of cleaning 
behavior will be discussed later with the AIA results for the clean 
coals. 
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The mineral size distribution in the Adaville coal was notably 
dominated by large particles of quartz and iron-rich material (Figure 
16). Particles larger than 21 ym accounted for 53% of the mineral 
matter. Such material would probably be subject to removal by simple 
float-sink cleaning and would lead to a substantially cleaner coal. 
The minerals in the raw Dietz coal were generally distributed 
uniformly over the size range (Figure 18). Particles smaller than 7 ym 
accounted for 32% of the mineral matter, and particles larger than 21 ym 
accounted for 34% of the mineral matter. Individual minerals did show 
quite different size distributions. The bulk of the pyrite was found to 
be larger than 36 ym in diameter and would seem subject to removal by 
heavy-media cleaning. A peak was noted in the quartz size distribution 
in the 21-36 ym size range indicating material that should be fairly easy 
to remove. A peak was also noted in the kaolinite distribution in the 
12-21 ym size range. Due to the low number of particles counted in the 
largest size ranges, there is a great amount of uncertainty in the exact 
shape of the size distributions, particularly for pyrite and quartz in 
the >36 ym size range. 
The shapes of the size distributions of the minerals in the 14 mesh 
Illinois coal and the 6 mesh Pittsburgh coal used in the chemical 
cleaning experiments are less important than are the size distributions 
for coals undergoing more conventional cleaning methods. The treatment 
conditions are so severe and the final ash content is so low that it 
appears that no size range is left untouched by the cleaning process. 
For the Illinois coal (Figure 20), the major features of the size 
distributions appear to be a peak in the illite distribution in the 200-
632 ym size range, a peak in the quartz distribution in the 6-20 ym size 
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range, and a rather broad pyrite 'peak' centered in the 20-63 ym size 
range. Due to low counts for the weight fraction in the 200-632 pm size 
range, the exact shape of the distributions are unknown. Only the peak 
in the quartz distribution is significant given the current precision in 
the results. 
The size distributions for the 6 mesh Pittsburgh coal show slightly 
different character. A significant amount of iron sulfate was found for 
this sample with a peak in the 63-200 (im size range. Pyrite and illite 
were observed to have broad peaks centered on the 20-63 ym size range. 
Kaolinite was noted to have a peak in the 6-20 ym size range. Quartz 
exhibited peaks in the 6-20 and the 63-200 ym size classes. This 
analysis was also subject to limited precision, particularly in the large 
size ranges. Of the aforementioned peaks, only the kaolinite and quartz 
peaks in the 6-20 ym size range appear to be significant. The other 
peaks may be real, but it is not possible to conclude so within the 
limits of precision on the results tabulated in Tables 27a and b. 
Application to Processed Coal Mineralogy 
Automated image analysis is able to provide unique insights into the 
performance of coal cleaning techniques. Comparison of the distribution 
of mineral particles by size and mineral type before and after processing 
allows the effectiveness of the cleaning processes to be observed and 
quantified with respect to both size and mineral phase. 
The general goal of all coal cleaning processes is to remove as much 
mineral matter as possible from the coal, while recovering substantially 
all the heating value of the coal. All cleaning processes must trade off 
the depth of cleaning with the amount of recovery. In addition, chemical 
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cleaning processes must be designed so that a minimal amount of coal is 
adversely affected by the chemical process, whether by loss of volatile 
matter or by uptake of undesirable elements. 
Analyses of physical-cleaned coals 
The float-sink cleaning process is designed to exploit the 
differences in density of the minerals and the coal particles to separate 
the heavier minerals from the lighter clean coal particles. A fluid with 
a density between that of the coal and the mineral matter is used to 
effect the separation. 
The heavy liquid used for the density separation is typically chosen 
to be inert with respect to both the coal and minerals. Therefore, no 
changes are anticipated in the chemistry of the mineral matter. Only 
changes in the amounts and distribution of the mineral particles are 
expected. AIA was used to quantify the extent of these changes. 
Examination of the AIA results in Tables 18, 20, 22, and 24 and 
Figures 13, 15, 17, and 19 for the physically-cleaned samples of the four 
200x0 mesh coals reveals changes in the mineral distributions as might be 
expected of a physical cleaning process based on a density separation. 
Significant amounts of the large mineral particles were removed. 
Virtually all of the minerals larger than 36 ym in diameter were removed 
for all four coals. Lesser amounts of the smaller minerals were removed. 
The exact nature of the effectiveness of removal with size varied widely 
among the coals and is discussed in the succeeding paragraphs. 
Illinois coal Detailed study of the mineral distributions for 
the major phases (i.e., pyrite, kaolinite, illite, and quartz) of the 
Illinois No. 6 coal shows removal of mineral matter in all size ranges. 
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The removal was 83%, 81%, 58%, 78%, 94%, and 100% in the 0-4, 4-7, 7-12, 
12-21, 21-36 and >36 ym size ranges respectively. The removals do appear 
to be statistically significant in all size ranges. For example, the 
weight fraction of pyrite in the 0-4 ym size range was 0.7310.19% before 
cleaning and 0.16±0.02% after cleaning. The weight fraction of pyrite in 
the 7-12 ym size range was 0.56±0.08% before cleaning emd 0.41±0.08% 
afterwards. Similar removals may be noted for kaolinite, illite and 
quartz. 
Calcite in the Illinois coal showed a different characteristic of 
being significantly reduced in all size ranges and to a greater degree 
than the other minerals. Only 0.02% of the dry coal was analyzed as 
calcite following cleaning representing a 98% removal. It would appear 
that the calcite was relatively more liberated from the organic matter in 
the raw coal than were the other minerals. 
Pittsburgh coal Similar results were observed for the cleaned 
Pittsburgh coal. All mineral matter larger than 21 ym in diameter was 
removed along with a large portion of minerals larger than 7 ym in 
diaaetsr. Little mineral matter smaller than 7 ym was removed and the 0-
4 ym size range appears to be enhanced following cleaning. Much of the 
apparent enhancement in the 0-4 ym size range is due to an error during 
the analysis of the pair of raw and cleaned coals whereby the lower size 
discriminator was not set at the same value for both samples. It was 
noted in the methods section that a lower diameter limit of 2 ym was used 
to avoid errors in the chemical analysis due to the limited resolution of 
the X-ray signals. However, an inadvertent error in the analysis of the 
raw coal led to the use of 3.6 ym as the lower discriminator for the raw 
coal. Therefore, the weight fractions of the 0-4 ym size ranges are not 
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directly comparable. The weight fraction for all minerals and for pyrite 
in the 4-7 ym size class did decrease with processing. The weight 
fraction of all minerals decreased from 1.95±0.08 to 1.16±0.06. The 
weight fraction of pyrite decreased from 0.64±0.06 to 0.24±0.04%. The 
weight fractions of the minerals kaolinite, illite and quartz were not 
significantly different in the 4-7 wm size range following processing. 
Significant amounts of these minerals were removed in the larger size 
ranges. 
These mineral distributions led to the appearance of sharper removal 
characteristics as a function of size for this coal. It would seem that 
the small particles of mineral matter, in particular, are associated with 
coal particles, rather than with other mineral particles. In other 
words, the fine mineral particles appear to be finely dispersed 
throughout the coal, rather than assembled in veins or cleat fillings. 
The deeper level of cleaning observed for the Illinois coal (84% 
reduction in mineral matter) compared to the Pittsburgh coal (59% 
removal) is somewhat surprising in view of the similar size distributions 
in the rav Illinois and Pittsburgh coals. It may be inferred that the 
higher mineral matter content of the Illinois coal must have included a 
higher proportion of small mineral particles that were free from coal and 
thus subject to cleaning. This emphasizes the point that it is not only 
the size distribution of the mineral particles that determines the 
cleanability of a coal, but also the extent of association of those 
minerals with the coal. 
The western coals exhibited much less cleaning than did the Illinois 
and Pittsburgh coals. The Adaville and Dietz samples had relatively low 
initial mineral matter contents of 10.41% and 6.01%, respectively. The 
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density of the separation had to be increased from 1.30 g/cc to 1.40 g/cc 
for the Adaville coal and to 1.38 g/cc for the Dietz coal in order to 
collect sufficient clean coal for characterization. This requirement 
would appear to indicate either a higher density for the coal macérais, 
or perhaps a more intimate distribution of coal and minerals. The 
cleaned samples of Adaville and Dietz coals contained 4.60% and 4.19% 
mineral matter, respectively, which is translated tb respective removals 
of 56% cuid 30%. 
Adaville coal It was previously mentioned that the raw Adaville 
coal contained a significant amount of quartz particles and iron-rich 
particles larger than 36 ym in diameter, which together comprised 31% of 
the mineral matter and that might be subject to removal. The cleaned 
Adaville sample showed removal of all of the iron-rich material and 95% 
of the quartz larger than 36 ym. The removal of these two mineral-size 
categories alone accounted for 54% of the reduction in mineral matter for 
the Adaville coal (i.e., (1.57%+1.68%)-0.09% = 3.16% = 54%-(10.41%-
4.60%). Reductions in all mineral-size categories larger than 21 ym 
accounted for 85% of the mineral matter reduction, as measured by AIA 
(i.e., (1.03%+4.53%)-(0.48%+0.13%) = 4.95% = 85%-(10.41%-4.60%)). The 
remaining reduction in mineral matter content was due to relatively minor 
changes in minerals between 7 and 21 ym in diameter. No significant 
removal was noted in the the 4-7 ym size range (2.0310.21% is not 
significantly different from 1.69±0.16%). 
Dietz coal For the Dietz coal, 27% of the mineral matter in the 
raw coal was determined to be pyrite and quartz particles larger than 21 
ym in diameter, and was expected to be subject to removal. All of the 
pyrite and 87% of the quartz larger than 21 ym was observed to be removed 
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in the cleaned sample. The removal of these mineral-size categories 
accounted for 82% of the decrease in the total mineral matter content 
(i.e., (0.06%+0.71%+0.52%+0.32%)-0.11% = 1.50% = 82%»(6.01%-4.19%). The 
remaining removal vas distributed among the other mineral size 
categories. It is not possible to make statements about the extent of 
significant changes in mineral content for this pair of raw and cleaned 
coals due to the high variability in the results of the analyses. 
Prediction of cleaning levels The 21 ym cutoff for complete 
removal of pyrite as seen in Figures 13, 15, 17, and 19 for all four 
coals is understandable given the following argument. A 21 um pyrite 
particle of density 5.0 g/cc embedded in a 75 ym coal particle of density 
1.25 g/cc would account for 2.2% of the volume of the assemblage. 
However, the pyrite particle would account for 8.2% of the mass and would 
result in a density of 1.33 g/cc which is 6.4% higher than the density of 
the coal alone. Such a particle would be rejected in a float-sink 
separation at 1.30 specific gravity. The same calculation may be applied 
to a single 12 ym pyrite particle embedded in a 75 ym coal particle. The 
pyrite would account for 0,4% of the volume and 1.6% of the weight of the 
assemblage and would result in an apparent density of 1.26 g/cc for the 
assemblage for an increase of only 1% over the density of the coal alone. 
This assemblage would then be carried along with the float in a 
separation at 1.30 g/cc. 
The above analysis is very simplistic, yet it illustrates the effect 
of particle size on the float-sink separation. Coal particles vary in 
specific gravity as a function of rank and maceral composition. All 
mineral particles are obviously not pyrite. Also, it is not true that 
all assemblages of coal and mineral particles occur only at the 
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maximum particle size and with only a single mineral particle per 
assemblage. The above example does illustrate how a two-fold increase in 
mineral particle size (12-21 vm) results in approximately an eight-fold 
incremental increase in specific gravity of the assemblage (i.e., 1.33-
1.25 = 0.08 vs. 1.26-1.25 = 0.01). The distribution of coal particle 
sizes would result in mineral particles being removed that are 
proportionately less than 21 ym in diameter. The occurrence of multiple 
mineral particles in a coal particle would also result in particles finer 
than the above 21 ym limit being removed. In fact, the manner of 
distribution of mineral particles among the coal particles is of great 
importance. A more uniform distribution of mineral particles among coal 
particles (i.e., the condition of poor liberation) makes it difficult to 
separate clean coal from minerals and results in poor recovery, but may 
also lead to a paradoxical removal of substantial amounts of small 
mineral particles in low density separations. In such a case, the small 
minerals were likely removed along with much of the coal, and only the 
cleanest particles of coal were recovered. 
Further information on the amount of material collected in the float 
fraction, and analysis of the material reporting to the sink, and perhaps 
analyses at several densities of separation may be necessary to make any _ 
conclusive statements of the extent of association of mineral matter with 
coal. A direct means to quantify the extent of association in the raw 
samples would be preferable and should be the focus of further work. 
Summary of physical cleaning measurements For both the Adaville 
and Dietz coals, the actual removal of mineral matter was seen to closely 
parallel the anticipated removal (that is, removal of the large amounts 
of coarse minerals seen in the raw coals accounted for the 
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majority of the minerals removed during the cleaning process). Large 
mineral particles were removed for the Pittsburgh coal, but the removal 
extended to even smaller size ranges. The Illinois coal also exhibited 
removal of the coarse minerals, but shoved removal of an even larger 
amount of small particles. The removal of small particles for this coal 
was apparently due to the large amount of mineral matter present in the 
raw coal so that a significant proportion of even the small minerals were 
free from coal or associated with other larger mineral particles so as to 
be subject to removal. Further discussion would require information on 
the mode of coal-mineral particle association. 
Analyses of chemically-cleaned coals 
The Gravimelt chemical cleaning process is designed to result in a 
greatly altered mineralogy. The molten caustic bath is employed to 
chemically alter the coal minerals to render them soluble in sulfuric 
acid. The altered minerals are leached from the coal with sulfuric acid 
and the demineralized coal is washed with water. The partially-processed 
coal (i.e., before the sulfuric acid wash and final water wash) may be 
expected to contain a large amount of altered minerals along with 
significant amounts of caustic and possibly some unaltered minerals. The 
completely-processed coal might be expected to contain minimal amounts of 
altered minerals and/or particles of caustic that were not removed with 
the sulfuric acid wash, along with small, unaltered mineral particles 
that did not react with the molten caustic. ÂIÂ was used to document 
both the changes in size distribution and changes in mineralogy and 
chemistry that resulted from this processing. 
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Analysis of the coal samples cleaned by the TRW Gravimelt molten 
caustic cleaning process led to new difficulties for ÀIÂ. The 
chemistry of the minerals following processing was quite different from 
that of the minerals before processing. The changes would be best 
handled by an entirely new set of chemical definitions. Also, the low 
amounts of mineral matter remaining after processing lad to poor counting 
statistics and uncertainty in the results. The characteristics of 
mineral matter removal were also quite different for the chemically-
cleaned coals. 
Altered mineralogy The first major difficulty encountered in 
characterizing the Gravimelt-treated coals was the greatly altered 
mineralogy of the particles following processing. Major changes are to 
be expected from the very nature of the process. 
For example, the ash content of the partially-processed Pittsburgh 
coal was measured at 29.22% compared to an ash content of 9.88% in the 
raw coal. The increased ash content was primarily due to caustic residue 
from the first stage of processing. The additional material and 
alteration of the original minerals due to reaction with the potassium 
and sodium hydroxide resulted in a great amount of particles that could 
only be characterized as 'miscellaneous' in Table 28. Indeed, the 
miscellaneous particles were characterized by much potassium. 
The chemistry definition file was not designed to handle altered 
phases very well. Those altered minerals that display an elemental 
composition significantly different from their precursor are likely to be 
classified in another mineral category, as they should be. It is also 
likely that the new compositions will not match common coal minerals; 
therefore, the altered mineral particles were often classified as 
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miscellaneous particles. 
The AIÂ results do present some worthwhile information about the 
phases included in the miscellaneous category. The chemical classifica­
tion software is designed to permit automatic subclassification of 
particles within the miscellaneous category based on the relative X-ray 
intensities. The AIA chemical summary tables can then provide 
information on the elemental intensities for each subclass, and aid in 
the identification of new phases. However, it is best for long term 
studies to re-define the chemical categories for processed coals to 
accommodate the altered elemental compositions. 
The phases resulting from the chemical treatment bore little 
resemblance to common coal minerals. The problem of characterizing the 
particles in the processed coal is thus one of characterizing a 
completely unknown sample. Complete characterization of the sample would 
require the chemistry file to be rewritten from scratch. It would be 
worthwhile to perform some sort of autoclassification to find natural 
boundaries between the phases. Next, the new phases would need to be 
identified by some other technique such as X-ray diffraction. Densities 
and names could then be assigned to the phases, and the chemical 
definitions for AIA could then be formalized. 
Minimal mineral loading The second difficulty encountered in the 
analysis of processed coal samples was the minimal amount of mineral 
particles present. Measured ash values for the Illinois and Pittsburgh 
cleaned coals were 0.53% and 1.00%, respectively. Allowing for the 
higher density of the mineral particles compared to the coal particles, 
and allowing for a sample pellet that is only 50% coal by volume, the 
minerals might account for only 0.25% of the field of view (= 1% mineral 
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matter * 50% volume fraction / density ratio of 2) and are likely to be 
quite widely disseminated. While ÂIA is able to characterize mineral 
matter that exists as discrete particles of detectable size 
(approximately 2 ym minimum size), it is significantly slowed by having 
to search great areas in order to find a sufficient number of small 
particles for characterization. The amount of time and sample available 
for analysis can prove to be a problem. However, even with such 
difficulties, AIA is at much advantage over techniques such as X-ray 
diffraction, FTIR, and other bulk analysis techniques. Bulk techniques 
commonly depend on low temperature ashing to concentrate the small 
amounts of mineral matter for analysis. While the carbonates, sulfides, 
éuid clays commonly found in raw coals may not be altered by low 
temperature ashing, the character and behavior of the phases resulting 
from chemical processing are unknown. 
The following paragraphs detail the results of analyses for the 
two sets of chemically-cleaned coal. The results are limited by the 
problems mentioned above, but the analyses do provide information on 
the appearance and disappearance of mineral phases, and on the size 
distribution of those particles that remain. 
Illinois coal AIA results for the completely-processed Illinois 
coal showed that nearly a third of the mineral matter was classified as 
miscellaneous material and contained substantial amounts of potassium, 
chlorine, and sulfur. The next most frequent phases were quartz, illite, 
kaolinite and pyrite in that order as may be seen from Table 26- The 
average X-ray intensities for the entire miscellaneous class were K-32%, 
Cl-13%, S-8%, Si-7%, and Ti-7%. Potassium and chlorine were both found 
in about one half of the miscellaneous particles. The potassium is 
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likely a residue of the molten caustic bath. The origin of the chlorine 
is less certain, but about 4% of the particles in the raw coal sample 
were also found to contain some chlorine; therefore, the chlorine may 
have been derived from the original mineral matter. Further detailed 
examination is necessary to identify the phases. The sulfur and silicon 
contents could have been derived from mineral matter in the raw sample or 
possibly from organic sulfur that was leached from the coal. The 
titanium content is of interest as it may represent contamination from 
the reaction vessel. 
AIÀ results confirm the removal of mineral matter for all mineral 
phases by the very low loading of mineral particles in the clean coal. 
Apparently, all phases were subject to removal. Approximately 90% of the 
material was less than 20 ym in diameter, and no minerals were found 
larger than 63 ym in the cleaned coal. The maximum particle size 
following Gravimelt processing is larger than the maximum size found 
following physical cleaning of the 200 mesh Illinois coal. This result 
is mildly surprising in view of the low amount of mineral matter present 
in the Gravimelt-treated coal. However, only 2000 particles were 
analyzed for this sample as a result of the low mineral matter content, 
and only seven of the particles were measured to be larger than 20 ym in 
diameter. Therefore, the uncertainty of the mineral distribution in the 
20-63 ym size range is quite large and it is difficult to accurately 
determine the maximum mineral particle size for the cleaned coal. Also, 
even though the coal had been severely comminuted during the cleaning 
process, the coal particles in the chemically-cleaned sample were larger 
than those of the physically-cleaned coal. Therefore, the larger size of 
the remaining mineral particles might be explained by encapsulation of 
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mineral particles by relatively inert macérais. 
Pittsburgh coal Analysis of the partially-processed Pittsburgh 
coal (Table 28) showed that 70% of the material could only be classified 
as miscellaneous phases. The average X-ray intensities for the 
miscellaneous class were K-53%, Ca-20%, Fe-9%, Na-4%, Al-3%, Si-3%, and 
S-2%. A number of particles were noticed with the primary elements 
grouped as K, K-Si, K-Ca, and K-Na. The potassium and sodium content is 
reasonable to expect following the molten caustic bath, and the 
combination of potassium with silicon from coal minerals is not 
surprising. What is surprising is the high amount of calcium-bearing 
miscellaneous particles. The partially-processed coal also contained a 
significant amount of 'calcite'. The 'calcite' contained 22% potassium 
emd 10% iron according to the average X-ray intensities, and, therefore, 
is definitely not typical calcium carbonate. The source of the calcium 
is also unknown. Nearly 6% of the mineral matter in the partially-
processed coal was classified as calcite, but virtually no calcite was 
found in the raw coal (Table 27). 
The partially-processed coal also contained a large amount of an 
iron-rich phase. Nearly 15% of the mineral matter was classified as an 
iron-rich phase, which also included minor amounts of potassium, calcium 
and silicon. The source of the iron-rich phase is not clear, although 
the high average X-ray count for the particles indicates that the phase 
may be metallic iron rather than an iron oxide or carbonate. Again, 
essentially no iron-rich material was seen in the raw coal. 
The content of iron sulfate, pyrite, kaolinite, and quartz were 
observed to have decreased following the molten caustic bath. The illite 
level was approximately the same as in the raw coal. Since potassium is 
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required in the chemical definition for illite, it is possible that 
kaolinite particles altered by the potassium hydroxide were classified as 
illite. A specially designed chemistry file would be beneficial in 
classifying the large amount of material that resulted from the molten 
caustic bath to determine if the pyrite, kaolinite, and quartz were 
removed from the coal by the caustic bath, or if the minerals had only 
been altered by the caustic and remained to be removed by the sulfuric 
acid wash, and therefore, were included among the 70% of the mineral 
matter that was classified as miscellaneous material. Some particles 
with appropriate compositions were found to be small fractions of the 
miscellaneous material. 
Analysis of the completely-processed Pittsburgh coal showed 30% of 
the mineral matter to be pyrite, 33% to be kaolinite, and 11% to be 
quartz. The miscellaneous phases accounted for 15% of the mineral matter 
and contained large amounts of sulfur, potassium, chromium, phosphorus, 
and sodium. All particles were found to be smaller than 200 ym. The 
average X-ray intensities for the miscellaneous categories were S-31%, P-
14%; Cr-12%, P-7%, and Na-5%. The major elemental combinations appeared 
to be potassium with calcium, chrome with various elements, and sodium 
with phosphorus. The potassium and calcium phase would appear to be a 
final residue of the caustic processing. However, the source of the 
calcium is still unclear. The chromium phases would seem to indicate 
that the Inconel basket used to hold the coal had deteriorated. 
Relatively more chromium and less titanium were found in the completely-
processed Pittsburgh coal than in the processed Illinois coal. It would 
seem that different metals were used for the reactor, or else titanium, 
originally present in the Illinois coal in minor amounts as rutile, is 
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not subject to removal with the Gravimelt process. The sodium and 
phosphorus-bearing particles were a minor fraction of the mineral 
matter, but the source of the material is unknown. 
The levels of pyrite and kaolinite in the clean coal represent 
increases in the level of those minerals over the levels found in the 
partially-processed coal. Both minerals represent very small fractions 
of the coal on a dry coal basis. It is remotely possible that such 
levels of these minerals were present in the partially-processed coal, 
but did not get sampled in the analysis. The difference between the 
levels of these minerals in the partially- and completely-processed coals 
also does not appear to be significant due to the low counting 
statistics. For example, pyrite was measured at O.OOiO.01% and 
0.30±0.30% in the partially- and completely-processed coals, 
respectively. The miscellaneous category in the partially-processed coal 
did contain some iron and sulfur, along with aluminum and silicon, and it 
may be that the sulfuric acid wash somehow removed the potassium or other 
elements that had given rise to the miscellaneous classification. 
The levels of illite, 'calcite', iron-rich minerals, and 
miscellaneous phases were all seen to decrease with the sulfuric acid 
wash. With the exception of illite, none of these phases were 
significant fractions of the mineral matter in the raw coal. Thus, they 
would seem to give evidence to the reaction of the caustic with the 
original mineral matter. The subsequent sulfuric acid wash appears to 
have successfully removed these phases. 
The size characteristics observed for the cleaned Pittsburgh coal 
were similar to those observed for the cleaned Illinois sample. Only 
2600 particles were analyzed for the cleaned Pittsburgh sample due to the 
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low mineral content. In this case, 45 particles were found between 20 
and 200 ym in diameter, but they accounted for 65% of the mass of the 
minerals analyzed. The majority of those minerals were classified as 
pyrite, kaolinite, and quartz. Such a small sampling places great 
uncertainty on the size results as well as the mass distribution. 
Comparisons of AIA with Other Techniques 
AIA does provide valuable insights into the character of mineral 
distributions of coals by estimating size and mineral phase 
distributions. However, it is of interest to compare AIA results with 
results of other techniques applied to the same samples as a check on the 
AIA results. The following sections discuss the degree of agreement that 
can be obtained between AIA and other techniques. 
ASTM pyritic sulfur analyses. X-ray diffraction analyses, and 
Fourier transform infra-red spectroscopy analyses were available as 
independent measures of mineral character and were used to check on the 
AIA results. Each of these techniques is subject to its own peculiar 
analytical problems, and the XRD and FTIR techniques used for this 
comparison represent experimental techniques. Therefore, comparisons 
need to be made cautiously. Optical microscopy would also have been a 
good technique for independently determining the mineralogy. However, no 
results were available for the same coal samples as analyzed by AIA. 
First, AIA results will be compared with ASTM pyritic sulfur 
analyses. AIA results typically indicated a higher pyritic sulfur 
content than did ASTM results. Several possible reasons for the 
discrepancy will be discussed including the brightness of the pyrite, 
uncertainty of the density of pyrite particles in coal, and errors in the 
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ÀSTM analyses. 
Second, AIA results will be compared to the X-ray diffraction 
analyses of low temperature ash for the physically-cleaned coal samples. 
The technique used for determining mineral content from XRD patterns is 
experimental. Therefore, only general comparisons were possible in view 
of the large amount of material that was classified as "unassigned" in 
the X-ray diffraction results. Further development of the XRD procedure 
should lead to smaller amounts of "unassigned" material and permit more 
detailed comparison of XRD and AIA results. 
Third, AIA results will be compared against Fourier transform infra­
red (FTIR) analyses of the Illinois raw and chemically-cleaned coals. 
Agreement was generally good between AIA and FTIR results for those 
minerals analyzed by both techniques. FTIR did not measure pyrite. 
Therefore, significant amounts of material were classified as 
"miscellaneous" by the FTIR technique. 
Comparisons of AIA and ASTM pyritic sulfur analyses 
The ASTM measure of pyritic sulfur provides a simple reference 
measurement for evaluating AIA results. The AIA estimate o£ pyritic 
sulfur is obtained as follows. The pyrite fraction of the mineral matter 
is first estimated by adding 75% of the weight of the "pyrite and 
miscellaneous" phase to the pyrite category. Only 75% of the mixed 
category is added since the particles classified as "pyrite and 
miscellaneous" contain at least 50% pyrite based on X-ray counts, but 
less than 100% pyrite. Therefore, 75% is used as a rough estimate of the 
pyrite content in that category. The pyrite fraction of the mineral 
matter is then multiplied by the mineral content of the coal and by the 
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sulfur content of pyrite (53.5%) to produce an estimate of pyritic sulfur 
in the coal. Similar calculations were made for sulfate phases to arrive 
at a sulfatic sulfur content. However, the sulfur content varies 
considerably from sulfate to sulfate and adds an additional uncertainty 
to the sulfatic sulfur estimates. In these comparisons, iron sulfate was 
assigned a sulfur content of 15%, and a sulfur content of 19% was used 
for gypsum. 
Calculations were made to estimate pyritic and sulfatic sulfur 
contents from AIA results for the four pairs of raw and physically-
processed coals and are summarized in Table 37. ASTH sulfur measurements 
were transcribed from Table 1. Examination of the sulfur estimates shows 
that AIA appears to consistently overestimate the pyritic sulfur content 
and often underestimates the sulfatic sulfur content. The Illinois and 
Pittsburgh*raw coals from the physical cleaning study were analyzed by 
AIA to have 32% and 61% more pyritic sulfur than ASTM indicated, 
respectively. The Dietz raw coal was measured by AIA to have a sulfur 
content of 0.51% compared to only 0.02% by ASTM. 
The low estimates of sulfatic sulfur are understandable since most 
iron sulfates are soluble in water and could have been partially 
dissolved in the water used for polishing. The error in pyritic sulfur 
is not so easily explained. It is not likely that the sulfur forms are 
erroneously classified by AIA since the stoichiometrics are quite 
distinct. Several possible reasons for the observed discrepancies 
between AIA and ASTM estimates will be presented in following sections. 
Table 38 contains comparisons of ASTM and AIA sulfur form analyses 
for the chemically-processed coals. AIA measurements were calculated in 
the same manner as for the physically-cleaned coals, and the ASTM data 
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Table 37. Comparison of ÂSTM and SEM-AIA estimates of pyrite and pyritic 
sulfur content for raw and physically-cleaned coals 
Illinois 6 
Raw Clean^ 
Pittsburgh 
Raw Clean^ 
Adaville 11 
Raw Clean® 
Dietz 1&2 
Raw Clean^ 
Pyritic Sulfur 
ASTH 
AIA 
AIA-ASTM 
AIA/ASTM 
Sulfatic Sulfur 
ASTM 
AIA 
2.37 
3.13 
0.22 
0.58 
±0.36 ±0.15 
0.76 0.36 
1.32 2.64 
1.35 
2.18 
±0.26 
0.83 
1.61 
0.03 
0.49 
±0.06 
0.46 
16.33 
0.36 0.04 0.42 0.12 
0.09 0.01 0.16 0.00 
±0.03 ±0.01 ±0.02 ±0.00 
0.03 0.01 
0.07 0.04 
±0.04 ±0.02 
0.04 0.03 
2.33 4.00 
0.03 0.01 
0.01 0.00 
±0.01 ±0.00 
0.02 
0.51 
0.02 
0.12 
±0.55 ±0.06 
0.49 0.10 
25.50 6.00 
0.02 0.01 
0.01 0.01 
±0.01 ±0.02 
Pyrite/Hineral Matter Ratio 
ASTM 22.93 13.48 30 .55 1. 66 0.54 0. 41 0. 62 0. 89 
AIA 30.29 35.03 48 .82 25. 75 1.16 1. 71 15. 70 5. 18 
Mineral Matter 19.32 3.05 8 .26 3. 37 10.41 4. 60 6. 01 4. 19 
Total S (ASTM) 5.10 2.54 3 .17 1. 82 0.86 0. 71 0. 56 0. 40 
Org. S (ASTM) 2.36 2.27 1 .42 1. 67 0.81 0. 70 0. 51 0. 36 
Org. S (SEM) 1.71 1 .08 — 0.57 — 0. 32 
— 
Inorganic Sulfur estimates 
ASTM Tot-SEM Org 3.39 0.83 2 .09 0. 74 0.29 0. 14 0. 24 0. 08 
Inorg S by AIA 3.22 0.59 2 .34 0. 49 0.07 0. 04 0. 52 0. 13 
^Clean coal was floated in a solution of 1.30 specific gravity. 
"Clean coal was floated in a solution of 1.40 specific gravity. 
^Clean coal was floated in a solution of 1.38 specific gravity. 
were transcribed from Tables 2 and 3. The agreement in pyritic sulfur 
content is within the ASTM specified reproducibility limit of ±0.3% for 
analyses performed in different laboratories. The agreement is rather 
unusual considering the large size of the coal particles in these coals 
and the problems attendant to performing AIA on such coarse samples. The 
uncertainty of the AIA pyritic sulfur analyses was estimated as ±0.17% 
absolute for the raw Illinois coal and ±0.42% for the raw Pittsburgh 
coal. The uncertainty in the pyritic sulfur estimate was calculated by 
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Table 38. Comparison of ÂSTM and SEM-ÀIA estimates of pyrite and pyritic 
sulfur content for raw and Gravimelt-treated coals 
Illinois 6 Pittsburgh 
Raw Clean® Raw Intermediate^ Clean® 
Pyritic Sulfur 
ASTM 1.04 0.02 1.78 0.02 0.01 
AIA 0.92 0.02 1.55 0.03 0.17 
±0.17 ±0.01 ±0.42 ±0.02 ±0.16 
AIA-ASTM -0.12 0.00 -0.26 0.01 0.16 
Sulfatic Sulfur 
ASTM 0.09 0.20 0.20 0.06 0.26 
AIA 0.04 0.00 0.20 0.00 0.00 
±0.06 ±0.00 ±0.12 ±0.01 ±0.00 
Mineral Matter 10.92 0.53% 12.00 29.22* 1.00* 
Total S (ASTM) 4.03 0.59 4.22 0.32 0.86 
Org. S (ASTM) 2.90 0.32 2.24 0.24 0.59 
Org. S (SEM) 2.13 0.35 1.99 0.08 0.41 
^Sample processed with molten caustic and washed with water and 
sulfuric acid. 
"Sample processed with molten caustic and washed with water only. 
adding the uncertainty in the pyrite content to 75% of the uncertainty of 
the "pyrite and miscellaneous" content from Tables 25b and 27b, and 
multiplying by the weight fraction of sulfur in pyrite (53.5%) (e.g., for 
the Illinois coal: 0.17% = (0.25%+0.75-0.10%) 53.5%). 
The inflated pyrite fraction has received prior attention as a 
potential systematic error of the image analysis. Huggins et al. (1980, 
1982) have made reference to the need to apply a correction factor to the 
pyrite value measured by AIA. They suggested that the error in the 
pyrite analysis is primarily due to the increased brightness of the 
pyrite particles and suggested a multiplicative correction factor as the 
most expedient way to correct the data. This author is not satisfied 
with that explanation of the problem or its correction on the basis of 
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new information which will be presented. Additional explanations will be 
explored in the following paragraphs and evaluated regarding the 
magnitude of the effect on the overestimation of pyrite. 
Threshold setting It is true that one possible source of error 
follows from the great difference between the brightness of the pyrite 
particles and the other mineral phases. The use of a global threshold 
results in inflated area measurements for the bright pyrite particles. 
The proper setting for the threshold level is midway between the 
intensities of the mineral particle and the mounting media. The 
distribution of video intensities is ideally a discrete function with one 
narrow brightness range for pixels of the mineral particles and another 
narrow range of brightness for the coal and polymer matrix. However, in 
practice, pixels are found with video intensities ranging between the 
brightest and darkest phases. At the edges of the mineral particles, the 
video signal gradually changes from brightness of the mineral particle to 
the brightness of the adjoining phase. The steepness of the transition 
is determined by the resolution of the electron microscope for the mode 
of imaging being used. A threshold set midway between two video 
intensities should detect the proper feature size by allocating half of 
the width of the signal transition at the edges of the particle to the 
particle and half to the background. At higher or lower threshold 
settings, the particle will appear smaller or larger than actual size, 
respectively. 
The practice of global thresholding dictates that the threshold must 
be set at other than the optimum level for most minerals in order to 
detect all minerals. Due to a wide difference in intensities between 
pyrite and the other minerals, the optimum threshold setting needed for 
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detecting the lighter minerals results in pyrite particles passing the 
threshold at 10% to 20% of the intensity difference between coal and 
pyrite. This results in the pyrite particles appearing larger than their 
true size. Figure 25 schematically illustrates this condition. 
Table 39 presents the magnitude of this effect on pyrite particles 
of two different sizes. Pyrite particles of 7 pm and 276 pm diameter 
were analyzed at varying threshold settings to show the effect of 
threshold setting on perceived particle size. The difference in 
backscattered electron signal for quartz and the epoxy or coal background 
is only 33% of that for the pyrite and the background. Therefore, a 
threshold set to cut across the quartz signal at half the intensity 
difference would cut across pyrite particles at 17% of the intensity 
difference. From the data in Table 39, this would result in an 
overestimation of pyrite area of about 3% for the largest particles and 
of 15-20% for the smaller particles. The greater effect observed for the 
smaller particle is due to the greater fraction that the signal 
transition on the edge of the particle is of the particle dimensions. 
The effect of the inflated area would be seen primarily in the smallest 
size ranges. However, there is not sufficient pyrite in the smaller size 
ranges of the Illinois or the Pittsburgh coals to conclude that this 
effect is the major reason for the discrepancy between ASTM and AIA 
results. 
The low threshold setting would also result in a smaller minimum 
detectable size for pyrite particles compared to other mineral particles. 
This would result since the signal from the bright pyrite particles rises 
faster from the background signal, allowing smaller particles to rise 
above the threshold. If a significant amount of particles of the other 
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Figure 25. Schematic illustration of effect of threshold setting on 
measured particle size 
Table 39. Effects of threshold setting on measured particle size 
Threshold 
Setting 
(% of contrast) 
Small 
7, 
Area* 
(wmf) 
Particle 
.9 m , 
% increase" 
Large Particle 
276 |im 
Area* % increase® 
(uni ) 
12.5% 60.2 23% 63050 5.3% 
25.0% 56.1 14% 61200 2.2% 
37.5% 52.9 8% 60900 1.7% 
50.0% 49.0 0% 59900 0.0% 
62.5% 45.6 -7% 59900 0.0% 
75.0% 40.4 -17% 58050 -3.1% 
87.5% 29.8 -38% 22500 -62.4% 
^Area is as measured by AIA for various threshold settings and is 
equal to the number of pixels on the feature times the appropriate 
scaling factor of area per pixel. 
^Increase in particle area is calculated with reference to the 
"true" particle area measured at the optimal 50% threshold setting. 
minerals were being missed in the smaller size categories, the end result 
would be to overestimate the pyrite fraction. This explanation is also 
insufficient to fully explain the discrepancy in pyrite estimates due to 
the relatively low amount of small pyrite particles. From examination of 
Figures 12 through 19 it does not appear that the distributions of the 
other minerals were sharply cut off at the small sizes. 
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The area inflation data show that the setting of the threshold may 
account for up to a third of the overestimation of pyrite content in 
extreme cases where a major portion of the pyrite is smaller than 10 ym 
in diameter. The exact magnitude of this effect on overestimating the 
pyritic sulfur will depend on the size distribution of pyrite particles 
in the sample. It is not likely that the threshold setting is the main 
cause of pyrite estimation. 
Density selection Another possible explanation of the large 
discrepancy between AIA and ASTH measures of pyritic sulfur relates to 
the choice of density used to convert AIA area fraction data to weight 
fraction data. Incorrect density values could ruin an otherwise accurate 
areal analysis. Also, the density of pyrite (5.0 g/cc) is considerably 
greater than the densities of all the other minerals (<3.0 g/cc). Any 
systematic overestimation of the pyrite fraction that might be present in 
the areal analysis would be amplified by the larger density value. 
I 
Chuang et al. (1980) have raised questions about the proper density 
value to use for pyrite particles in coal. In those measurements, Chuang 
-.sasarsd densities of 4.25-4.50 g/cc for hand-picked samples of pyrite 
following extensive cleaning in hot hydrochloric acid. Chuang's original 
data, along with some derived results are shown as Table 40 (i.e., 
Columns 1, 2, 3, 4, and 7 are from Chuang's original table.) Chuang also 
noted that the density increased from 4.25 to 4.50 with reduction in 
particle size from 246-417 pm to 104-124 ym (column 7). He suggested 
that the reduction in density was due to other minerals mixed in with the 
pyrite and/or voids in polycrystalline assemblages. In fact, both 
mechanisms appear to be responsible for the reduction in density 
observed. The balance of the weight (i.e., 100%-Fe%-S%) was assumed to 
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Table 40. Properties of acid cleaned pyrite particles (after Table 1 
from Chuang et al., 1980) 
Size Sulfur Iron S:Fe* S+Pe Quartz^ Density^ Density^ Porosity® 
ym % % Ratio % % g/cm^ g/cm^ Z 
246-417 47.5 43.6 1.90 91.1 8.9 4.25 4.63 8.3 
175-246 47.7 43.7 1.91 91.4 8.6 4.30 4.65 7.4 
147-175 47.3 44.4 1.86 91.7 8.3 4.37 4.66 6.2 
124-147 47.4 43.4 1.90 90.8 9.2 4.43 4.62 4.2 
104-124 47.2 44.3 1.86 91.5 8.5 4.50 4.65 3.2 
^Molar ratio. 
^Calculated as the difference between 100% and the sum of the iron 
and sulfur contents. 
^Measured density. 
^Density of a non-porous mixture of pyrite (5.00 g/cm^) and quartz 
(2.65 g/cm^). 
®Porosity required for the apparent density of column 7, given the 
S, Fe, and quartz contents of columns 2, 3, and 6. 
be quartz (p=2.65 g/cm^) for this exercise. A theoretical apparent 
density was calculated for the reported chemistry, and was tabulated in 
column 8 for comparison with the measured density. 
p = 100%/[(Fe+S%)/5.00 g/cm^ + Si02%/2.65 g/cm^J 
À porosity was then calculated to account for the measured apparent 
density (i.e., porosity = 100^*(l-Pactual''Pideal^^* Examination of the 
quartz content in column 6 shows a significant, but relatively constant, 
quartz content. Examination of the porosity in column 9 shows an 
increasing porosity with increasing particle.size. 
Smit and Odekirk. (1984) also report diminished densities for pyrite 
particles in coal depending on the mode of occurrence. They list 
densities of 5.0 g/cc for crystals or veins of pyrite, 3.5 g/cc for 
framboids, and 4.0 g/cc for so-called 'free' pyrite. They base their 
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numbers on the observed porosity of the features in optical microscope 
images. It would seem that the category they have called 'free' pyrite 
must consist of large assemblages of pyrite containing other minerals, 
coal, or porosity. 
Summaries of the elemental composition of the pyrite particles as 
analyzed by AIA in this study did not indicate appreciable amounts of 
other minerals present in the pyrite. For example, the silicon content 
of pyrite in the Illinois No. 6 raw coal was measured at only 1%. 
However, the porous nature of large pyrite particles was observed by this 
author. The AIA techniques used in this research were not able to 
effectively disallow internal porosity from the area of particles in 
cross section. The signal from the bottom of the pores exceeded the 
threshold brightness setting and caused material to be included in the 
analysis that was not in the plane of the cross section. Two example 
particles of pyrite found in the raw Illinois No. 6 200 mesh coal are 
shown in Appendix H along with binary representations of the 
backscattered electron signal as would be 'seen' by the image analyzer. 
Over 40% porosity was observed for the particles with the threshold set 
at 80% of the pyrite-epoxy intensity difference. Therefore, a lower 
density (e.g., 3.0 g/cc = (5.0 g/cc) * (100%-40%)) would have been 
appropriate for these large particles of pyrite. 
AIA results for specially prepared mineral standard pellets also 
indicate that pyrite density is a major reason for the AIA 
overestimation. The analyses also seem to discount part of the previous 
argument that the brightness of the pyrite necessarily leads to 
significant overestimation. Pellets were prepared with known amounts of 
ferrous sulfide (FeS) (Fisher Scientific code 1-150), quartz sand (Si02) 
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(from lova State University Earth Sciences department), and marble 
(CaCOg) (Fisher Scientific code M-123). None of the minerals exhibited 
porosity, thereby avoiding the problem of unknown densities. Pellets 
were prepared using three different size distributions. Analyses were 
conducted at the same threshold settings used for the coal mineral 
analysis. Results of the analyses are presented in Table 41. 
The results indicate no problem with overestimating the sulfide 
content, thereby implying that the brightness of the pyrite is not the 
main reason for sulfide overestimation in coal. The iron sulfide used in 
this analysis was FeS instead of FeS2 and should only accentuate the 
problem with brightness, if the problem exists. The atomic number factor 
of FeS is 22.4 compared to 20.6 for pyrite. If the area of the sulfide 
particles is being inflated due to the threshold setting, the inflation 
appears to be minimal. The only difference between the two sulfides that 
might account for the overestimation of pyrite would then be the apparent 
density of the particles. 
Preferential settling of pyrite The greater density and/or size 
q£ pyrite particles can conceivably result in preferential settling of 
the pyrite during preparation of the sample pellet. Analysis of the 
lower face of the pellet would then reflect an overabundance of pyrite 
and other dense particles. 
The size of coal particles for the raw and physically-cleaned 
samples (74 ym) seemed small enough that preferential settling was not 
expected to be a problem. A vertical cross section of a sample of 
Illinois No. 6 200x0 mesh raw coal was examined to test for significant 
settling of minerals during pelletization. Analyses were conducted at 
five vertical locations from top to bottom of the cross section. Results 
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Table 41. AlA results for prepared mineral standards. Standards were 
prepared using ferrous sulfide, quartz sand, and marble 
chips in a 25:45:30 weight proportion. Confidence levels 
are indicated at ±2 standard deviations 
As prepared 
Iron sulfide 
and iron-rich 
25% 
Quartz 
45% 
Calcite 
and Dolomite 
30% 
Standard 1 22.92 47.87 29.20 
(80x100 mesh) ±5.07 ±5.07 ±4.34 
Standard 2 22.02 49.02 28.96 
(distr. 1)^ ±4.62 ±5.34 ±4.10 
Standard 3 26.04 43.15 30.81 
(distr. 2)0 ±3.84 ±3.38 ±3.13 
^he distribution was formed by taking selected weights of eleven 
size classes in the following amounts: 11.2% 60x70 mesh, 14.1% 70x80 
mesh, 15.9% 80x100 mesh, 16.0% 100x120 mesh, 14.2% 120x140 mesh, 11.2% 
140x170 mesh, 7.9% 170x200 mesh, 4.9% 200x230 mesh, 2.7% 230x270 mesh, 
1.3% 270x325 mesh, and 0.7% 325x0 mesh. 
^The distribution was formed by taking selected weights of eleven 
size classes in the following amounts: 24.1% 60x70 mesh, 18.7% 70x80 
mesh, 14.4% 80x100 mesh, 11.2% 100x120 mesh, 8.6% 120x140 mesh, 6.6% 
140x170 mesh, 5.1% 170x200 mesh, 4.0% 200x230 mesh, 3.1% 230x270 mesh, 
2.4% 270x325 mesh, and 1.8% 325x0 mesh. 
are reported in Table 42. Minimal settling was observed for the 200 mesh 
coal. The area fraction of each frame covered by mineral particles and 
the number of mineral particles per frame were not significantly 
different across the vertical section. The pyrite fraction at the 
'heavy' side of the pellet was only 6% higher than the average pyrite 
fraction for all depths (44.35%/41.92% = 1.06), and is not statistically 
different from the average for the number of particles analyzed. Such a 
difference would account for less than 15% of the overestimation of 
pyritic sulfur even if the difference was real. It should also be noted 
that the pyritic sulfur content for row 4 with the lowest pyrite fraction 
is 4.13% (=39.91%"19.32%'0.535) which is still much larger than the ASTM 
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Table 42. Relative mineralogy with depth in a pellet of Illinois No. 6 
200 mesh (74 pm) raw coal analyzed by ÂIÂ. Results presented 
as weight percent of mineral matter unless otherwise noted. 
Confidence levels are indicated at ±2 standard deviations 
Row number 1 2 3 4 5 . Composite 
heavy® lightb 
Iron Sulfate 2.41 3.00 4.03 2.04 6,07 3.54 
±1.50 ±2.18 ±2.53 ±1.31 ±6.83 ±1.35 
Pyrite 44.35 44.00 41.01 39.91 40.40 41.92 
±11.50 ±13.40 ±11.76 ±12.49 ±10.61 ±5.31 
Pyrite & Misc. 0.22 0.81 0.41 0.20 0.70 0.45 
±0.16 ±0.82 ±0.41 ±0.14 ±0.75 ±0.23 
Kaolinite 12.92 10.24 12.75 10.83 7.38 10.75 
±4.40 ±3.81 ±3.48 ±3.83 ±2.06 ±1.49 
Illite 5.83 9.07 9.07 7.61 7.51 7.87 
±2.65 ±3.58 ±5.62 ±3.05 ±2.71 ±1.54 
Montmorilloni te 0.69 0.13 0.12 0.15 0.17 0.23 
±0.98 ±0.19 ±0.25 ±0.31 ±0.15 ±0.21 
Chlorite 1.53 2.16 1.08 2.20 2.48 1.88 
±0.81 ±1.78 ±1.36 ±1.34 ±1.40 ±0.60 
Mixed Clay 2.17 0.53 0.38 0.41 1.67 1.03 
±2.04 ±0.49 ±0.49 ±0.35 ±1.18 ±0.48 
Quartz 16.07 22.62 23.72 22.97 17.86 20.55 
±3.56 ±5.51 ±9.25 ±5.50 ±4.72 ±2.40 
Gypsum 4.54 2.19 2.83 2.45 2.37 2.91 
±2.36 ±1.67 ±1.92 ±1.52 ±1.72 ±0.80 
Apatite 0.11 0.00 0.19 0.26 3.57 0.87 
±0.15 ±0.00 ±0.27 ±0.33 ±6.97 ±1.50 
Dolomite 0.00 0.04 0.00 0.00 0.00 0.00 
±0.00 ±0.09 ±0.00 ±0.00 ±0.00 ±0.00 
Calcite 7.53 4.74 3.19 9.58 8.24 6.74 
±7.40 ±3.08 ±1.82 ±6.93 ±5.68 ±2.20 
Iron-rich 0.54 0.22 0.84 0.20 0.53 0.45 
±1.09 ±0.26 ±1.01 ±0.41 ±0.43 ±0.29 
Silicates 0.98 0.22 0.00 1.07 0.88 0.63 
±1.13 ±0.26 ±0.00 ±1.05 ±1.54 ±0.45 
Miscellaneous 0.11 0.00 0.38 0.10 0.17 0.17 
±0.22 ±0.00 ±0.49 ±0.12 ±0.19 ±0.12 
Total 99.78 99.97 100.00 99.98 100.00 99.99 
Number of particles 690 616 615 654 668 3243 
Ave. parts./frame 50 44 43 48 47 46 
Area coverage % 2.16 1.47 1.14 1.31 1.82 1.58 
^he row labeled "heavy" corresponds to the bottom of the mixture as 
the pellet was polymerizing. 
^The row labeled "light" corresponds to the top of the mixture as 
the pellet was polymerizing. 
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pyritic sulfur value of 2.37% for this coal. 
Examination of some coarser (32 mesh, 495 ym) samples, not reported 
in this thesis, revealed significant settling in some cases. The 
potential for preferential settling will, therefore, require special 
precautions in the analysis of coarse samples, such as analysis of 
complete vertical cross sections only. Vertical cross sections were 
analyzed for the 14 mesh and 6 mesh samples used in the chemical cleaning 
study. 
Preferential settling is much less a problem with cleaned coals. 
The bulk of the minerals are removed resulting in a lower, more uniform 
apparent density for the remaining particles. Also, settling was found 
not to be a significant problem when the coal sample was mixed with 
minimal amounts of epoxy. With such high concentrations of coal, only 
hindered settling could occur and preferential settling would be greatly 
reduced. 
In summary, preferential settling can be a problem for coarse coals, 
and might account for all of the observed difference in sulfur estimates. 
However, settling does not appear to be a factor in any of the analyses 
in this study. 
ASTM analytical errors A final explanation of the discrepancy 
between ASTM and AIA estimates of pyritic sulfur is that the ASTM 
technique underestimates the pyritic sulfur content. AIA offers an 
additional means for determining the accuracy of the ASTM technique since. 
AIA is especially suited for scanning large areas of sample for minute 
levels of discrete particles. It may be thus employed to analyze for 
pyrite particles in coal samples following nitric acid leaching. 
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The ÂSTM methodology for forms of sulfur determinations is described 
in ASTM Specification D-2492 (ASTM, 1983). The method involves the 
leaching of a quantity of 60 mesh coal (246 ym) with hydrochloric acid to 
dissolve the minerals containing sulfatic sulfur. The sulfur in the 
leachate is measured and reported as the sulfatic sulfur content. The 
hydrochloric acid leach is assumed to dissolve all iron compounds (e.g., 
iron carbonates) except the iron sulfides. The sample is subsequently 
leached with a solution of nitric acid to dissolve the pyritic sulfur. 
The ASTM method prescribes the nitric acid leach to be carried out for 
either a period of 30 minutes using boiling nitric acid, or for 24 hours 
with room temperature (20"C) nitric acid. The iron in solution is then 
measured and converted to an equivalent pyritic sulfur content. The 
sulfur in solution is not measured directly as a pyritic sulfur estimate 
since there is some concern that some organic sulfur is removed in the 
leaching. The procedure involves several important assumptions: 
* All iron minerals besides iron sulfides are removed from the coal 
during the hydrochloric acid leaching step. 
" No pyritic sulfur is attacked by the hydrochloric acid. 
* All pyritic sulfur is removed by the nitric acid. 
* All the pyrite is stoichiometric FeS2. 
These assumptions are all subject to violation. For example, Levinson 
and Jacobs (1977) used Mossbauer spectroscopy to determine that some 
pyrite is removed by the hydrochloric acid, and that some pyrite 
remains after the nitric acid leach. Such problems would overestimate 
the sulfatic sulfur content and underestimate the pyritic sulfur 
content. Chuang et al. (1980) have noted pyrite sulfur-to-iron 
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stoichiometries of less than 2:1. This would cause pyritic sulfur to 
be overestimated. To the degree that the above assumptions are 
violated, the results of the ASTM analysis are not going to represent 
the true sulfatic and pyritic sulfur contents. 
Samples of Pittsburgh raw and 1.30 specific gravity fraction of 
the 200x0 mesh coal were analyzed by AIA following hot and cold nitric 
acid leaching according to ASTM analytical specifications to determine 
the effectiveness of the nitric acid leach. An additional sample of 60 
mesh Illinois No. 6 raw coal was subjected to the same treatment. The 
AIA results are included as Appendix I. The relevant data are 
extracted and included in Table 43 as pyrite fraction of the mineral 
matter following nitric acid leaching. 
The mineral matter contents of these samples were calculated and 
were used to estimate pyritic sulfur content on a dry coal basis. The 
mineral matter figures are taken from the mineral matter contents 
listed in Table 1 and adjusted for the mineral matter fraction expected 
to be soluble in nitric acid. The nitric acid leach and a prior 
hydrochloric acid leach are intended to dissolve the pyrite, sulfates, 
and carbonates, thus reducing the mineral matter content. The mineral 
matter content was first estimated by subtracting the mass fraction of 
those phases as determined by image analysis of the samples before nitric 
acid leaching (from Tables 17a, 19a, and 20a). In practice, some of 
this 'soluble' material was found in the residue of the leaching steps 
and the amount so found was used to adjust the mineral matter content 
upward. For example, the raw Illinois coal was measured to have an 
original mineral matter content of 19.32% (Table 1). Of this material, 
39.3% was supposedly soluble in either hydrochloric or nitric acid 
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Table A3. AIÂ estimates of pyrite content for residues of hot and cold 
nitric acid leaching 
Illinois No.6 Pittsburgh No. 8 
60x0 mesh 200x0 mesh 
Raw Raw Clean® 
Hot Cold Hot Cold Hot Cold 
ASTM Pyritic Sulfur^ 2. 37 1. 35 0. 03 
Pyrite/MM^ 1. 81 13. 40 1. 51 5. 28 3. 40 15. 61 
Mineral Matter* 12. 08 14. 20 3. 76 3. 87 2. 63 2. 92 
MM in unleached coal 19. 32 19. 32 8. 26 8. 26 3. 37 3. 37 
% Solubles in original MM 39. 3 39. 3 59. 0 59. 0 29. 1 29. 1 
% Solubles in leached MM 2. 9 17. 4 9. 9 12. 4 9. 0 18. 3 
AIA Pyritic Sulfur® 0. 12 1. 02 0. 03 0. 11 0. 05 0. 24 
^Cleaned coal was obtained as the float from a 1.30 specific gravity 
separation. 
^ASTM pyritic sulfur determination from Table 1. 
^Pyrite fraction of mineral matter as determined by AIA. 
^Mineral matter as weight percent of dry coal estimated from the 
mineral matter of the sample before leaching less the nitric acid soluble 
minerals (pyrite, calcite, sulfate, etc.) plus the amount of those 
minerals remaining following the nitric acid leach. 
Spyrite sulfur content of dry coal estimated as (pyrite fraction of 
mineral matter) * (mineral matter fraction of dry coal) x (sulfur content 
of pyrite). 
using the AIA results of Table 17a (i.e., 100% (Iron sulfate 0.49% + 
pyrite 5.68% + pyrite and misc. 0.23% + gypsum 0.07% + apatite 0.10% + 
carbonates 0.86% + iron-rich 0.16%)/19.32% = 39.3%) leading to an 
anticipated mineral matter content of 11.73% in the leached coal. 
However, these soluble minerals were measured by AIA to constitute 17.4% 
of the mineral matter in the coal leached with cold nitric acid. The 
mineral matter was thus adjusted upward by the appropriate amount to 
estimate the mineral matter content in the leached coal. 
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Expected mineral matter (MM) content = 
(MM in raw coal) x (1-soluble minerals in original MM) = 
19.32% X (100% - 39.3%) = 11.73% 
Actual mineral matter (MM) content = 
(Expected MM content) / (1-soluble MM fraction in leached coal) = 
11.73% / (100% - 17.4%) = 14.20% 
Measurable amounts of pyritic sulfur were found for all samples. 
The pyrite detected by AIA was obviously not measured as pyritic sulfur 
by the ASTM procedure. The cold nitric acid leach residues showed the 
highest content of pyrite in the remaining mineral matter. ASTM has 
specified reproducibility limits of 0.3% and 0.4% on pyritic sulfur 
estimates for coals containing less than and more than 2% pyritic sulfur, 
respectively. AIA findings of significant amounts of pyrite in the 
residues gives reason for the practical need for such wide 
reproducibility limits. The residue from the cold acid leach of the 
Illinois coal is the only one of the six samples tested in this manner 
that was analyzed by AIA to have a pyritic sulfur content (1.02%) in 
excess of the ASTM reproducibility limits. The residue from the cold 
acid leach of the cleaned Pittsburgh coal exhibited a high pyritic sulfur 
content as determined by AIA (0.24%), but was within the ASTM 
reproducibility limits. However, since the pyritic sulfur content of the 
cleaned Pittsburgh sample was measured to have only 0.03% pyritic sulfur 
by ASTM determination (Table 1), the reproducibility allowance seems 
unacceptably large for this sample. 
The pyrite found in the clean samples might be expected to pose more 
of a problem for ASTM determinations than would the pyrite in a raw coal 
sample. In fact, the ASTM method is not specifically recommended for 
processed coals. The float-sink cleaning process would be expected to 
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remove all of the free particles of pyrite that could also be easily 
dissolved by the nitric acid. The pyrite that remains would necessarily 
be fine-grained and widely dispersed among the organic matter in order to 
have been floated with the coal. Such pyrite would be dissolved only 
with difficulty owing to the layer of coal surrounding many of the pyrite 
particles and inhibiting the penetration of the nitric acid. Indeed, 
manual SEN observation of the cleaned coal found that much of the 
remaining minerals do occur as widely-dispersed, finely-divided 
particles. 
The precision and accuracy of the ASTH sulfur forms analysis is 
perhaps more critical for cleaned coal samples than for raw coal samples. 
If a coal has been processed in an effort to meet environmental 
standards, erroneous ÀSTM results could lead to serious economic 
consequences. A coal might be rejected from further consideration as a 
result of sulfur analyses underestimating pyritic sulfur following 
processing. Any underestimation of pyritic sulfur would lead to a 
corresponding overestimate of organic sulfur due to incomplete 
dissolution of the pyrite- Since it is only possible to remove organic 
sulfur using chemical methods, it might be decided that the available 
physical cleaning methods would not be able to bring that particular coal 
into compliance with limits on sulfur content, when in fact, further 
physical processing might have been able to remove significantly more 
pyrite and result in a coal meeting environmental requirements. 
The cold nitric acid leaches may also be expected to result in more 
undissolved pyrite in the residue than would the hot nitric acid leaches. 
The cold acid leaches are carried out for a longer period of time than 
the hot leaches in view of the slower reaction rates. For many chemical 
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reactions, the reaction rate doubles for each 10*C rise in the 
temperature of the reaction. Using this rule-of-thumb, the 80"C 
difference in temperature between the hot and cold nitric acid leaches 
_ would lead to a reaction rate 256 times faster using the hot nitric acid 
as compared to the cold nitric acid. If 30 minutes is sufficient for the 
hot nitric acid leach to dissolve enough pyrite for an accurate analysis, 
then 128 hours or five and one third days would be necessary for the cold 
nitric acid to have the same chemical effect. This simple analysis is 
confirmed by the detailed work of Cho et al. (1983). In that paper, Cho 
plotted pyrite removal versus time for reaction temperatures ranging from 
313 K (AO°C) to 363 K (90°C). Their work confirms that less than half 
the time is required to reach a particular degree of pyrite removal 
(e.g., 40%) for each 10®C increase in temperature. An overnight reaction 
may be sufficient to extract enough pyrite in most cases for adequate 
analyses, but as the above kinetic analysis suggests and as AIA results 
document, the high temperature reaction is far more effective. 
Table 37 comparing ASTM and AIA results for the physically-cleaned 
coals, also includes the combined inorganic sulfur content for these 
coals using the difference between the ASTM total sulfur estimate and an 
organic sulfur estimate determined directly by SEM technique described by 
Straszheim and Greer (1982). When AIA inorganic sulfur estimates are 
compared to this hybrid estimate of inorganic sulfur, the agreement 
appears quite reasonable for all samples. The agreement of these 
directly determined values, ASTM total sulfur, SEM organic sulfur, and 
AIA pyritic and sulfatic sulfur, suggest that AIA might prove a suitable 
analytical technique for pyritic sulfur. 
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A third, independent technique is necessary to finalize the 
discussion of the ASTM and AIA analytical discrepancies. Such a 
technique needs to be able to be able to measure pyrite accurately, even 
if enclosed by coal. The uncertainties of both the ASTM and AIA 
techniques would no longer be a complicating factor in trying to 
establish the accuracy of the AIA technique. A technique such as ^ ^Fe 
Mossbauer spectroscopy, as described by Huggins et al. (1982), might be 
suitable for such analyses. Further work in this area is beyond the 
scope of this thesis. 
Comparison of AIA cind X-ray diffraction 
Tables 44 and 45 present X-ray diffraction analyses of the low 
temperature ashes of seven of the eight samples of the raw and 
physically-cleaned coals. The results are presented as weight fraction 
of mineral matter and weight fraction of dry coal, respectively (Bryant, 
1986). It may be noted from Table 44 that illite was typically found to 
be the dominant mineral, followed by pyrite, kaolinite, and quartz. It 
should also be noted that a significant amount of mineral matter was not 
classified by X-ray diffraction and was, therefore, reported as 
unassigned minerals. 
Several factors could give rise to the large amounts of unassigned 
material in Tables 44 and 45. The first possible reason is alteration of 
the mineral matter during low temperature ashing. Low temperature ashing 
is intended to remove the the organic matter with minimal or no 
alteration of the mineral matter. However, alteration is likely for the 
sulfates gypsum and jarosite, and is remotely possible for the other 
mineral phases. Jenkins and Walker (1978) discuss the potential for and 
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Table 44. X-ray diffraction analyses of minerals in the low temperature 
ash of raw and physically-cleaned coal samples. Results are 
expressed as weight percent of the mineral matter 
Illinois 6 Pittsburgh Adaville 11 Dietz 1&2 
Raw Clean® Raw Clean® Raw Clean® Raw Clean^ 
Pyrite 40.4 15.1 33.0 ———— 13.9 0.6 3.3 4.4 
Marcasite 6.8 5.0 5.5 0.0 0.0 1.5 12.8 
Kaolinite 3.6 8.7 0.0 —— 1.0 0.0 5.7 0.0 
Illite 29.3 31.0 33.4 ——— 19.6 13.5 20.3 20.3 
Quartz 2.5 2.0 0.9 ———— 13.2 5.2 3.0 2.1 
Gypsum 0.0 0.1 0.1 ———— 2.0 4.8 3.8 4.7 
Calcite 0.0 0.0 0.0 ——— 1.9 8.7 2.7 4.2 
Unassigned 17.4 37.2 27.1 —— 48.4 67.3 59.8 51.5 
Total 100.0 100.0 100.0 ——— 100.0 100.0 100.0 100.0 
®Clean coal is material floated at 1.30 specific gravity. 
"Clean coal is material floated at 1.40 specific gravity. 
^Clean coal is material floated at 1.38 specific gravity. 
Table 45. X-ray diffraction analyses of minerals in the low temperature 
ash of raw and physically-cleaned coal samples. Results are 
expressed as weight percent of dry coal 
Illinois 6 Pittsburgh Adaville 11 Dietz 1&2 
Raw Clean® Raw Clean® Raw Clean® Raw Clean^ 
Pyrite & Marc. 9.11 0.61 3.18 —— 1.45 0.03 0.29 0.72 
Kaolinite 0.70 0.27 0.00 —— 0.10 0.00 0.34 0.00 
Illite 5.66 0.95 2.76 — 2.04 0.62 1.22 0.85 
Quartz 0.48 0.06 0.07 1.37 0.24 0.18 0.09 
Gypsum 0.00 0.00 0.01 ——— 0.21 0.22 0.23 0.20 
Calcite 0.00 0.00 0.00 ———— 0.20 0.40 0.16 0.18 
Unassigned 3.36 1.13 2.24 5.04 3.10 3.59 2.16 
Total^ 19.32 3.05 8.26 3.37 10.41 4.60 6.01 4.19 
®Clean coal is material floated at 1.30 specific gravity. 
"Clean coal is material floated at 1.40 specific gravity. 
®Clean coal is material floated at 1.38 specific gravity. 
°Total represents mineral matter calculated as mineral matter = 
<1.13 X Ash) + (0.47 X Pyr.S.) from Table 1. 
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the extent of changes in mineral phases during low temperature ashing and 
indicate that the alteration is highly dependent on the particular 
conditions used for ashing. Bryant indicated that significant, but 
unspecified, alteration of the mineral phases did occur during ashing. 
The X-ray diffraction peaks for most minerals were severely broadened 
and/or diminished after ashing, and resulted in the large amount of 
unassigned material. 
A second reason for the large amount of unassigned material appears 
to be inherent in the experimental method used for arriving at the 
mineral estimates. Diffraction patterns for multiple samples of coal 
were digitized and stored for computer processing. Differences in the X-
ray patterns among the samples due to the varying proportions of the 
minerals present were used to generate diffraction patterns for pure 
minerals. A set of coefficients was calculated for each sample 
representing the proportion that each of those "pure minerals" 
contributed to the composite X-ray pattern. The set of coefficients and 
the inferred "pure mineral" diffraction patterns were adjusted though an 
iterative; least-squares fitting process. Such a process is able to 
generate "pure mineral" patterns for only as many phases as there are 
independent sample patterns available in the input data. The technique 
appears to be subject to error due to differences in the mineral 
character from coal to coal, and to changes in the mineral pattern as a 
result of ashing. Orientation and peak broadening effects will make it 
difficult to arrive at a good representative mineral pattern for the 
constituent minerals. The combination of these effects apparently 
resulted in a large amount of unassigned material. Therefore, these 
analyses should be interpreted with caution. The XRD estimates represent 
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lover limits of the amounts of the mineral phases. Further work, may be 
able to assign more of the unassigned material to specific minerals. 
ÀIÂ data for the four pairs of raw and physically-cleaned coals are 
compared with the X-ray diffraction (XRD) measures of the mineral matter 
in Tables 46 and 47. AIA data were taken from the "Totals" columns of 
Tables 17a-24a. Comparisons of AIA and XRD results indicate that AIA can 
provide at least as good an estimate of the mineral matter content as 
this particular X-ray diffraction technique. 
For three of the seven samples cuialyzed by both techniques (i.e., 
Illinois raw, Adaville raw, and Dietz clean), the X-ray diffraction 
analyses showed more pyrite present than AIA measured. In the same three 
cases, the AIA estimates were higher than ASTM results, as was shown in 
Table 37. XRD results corroborate AIA results that there is a 
significant amount of pyrite in the coal samples. However, a more 
precise measure of pyrite content is necessary than is afforded by either 
XRD or AIA. The pyrite results do cast doubt on the ability of XRD to 
produce accurate mineralogical analyses. 
AIA and XRD often disagreed on the amount of the clays present. AIA 
typically found more kaolinite and less illite present than was reported 
by XRD. It is only remotely possible that potassium, which indicates 
illite to the AIA chemical classification file, was present but not in 
sufficient quantity to trigger an illite classification. For example, 
the chemical summary of kaolinite particles in the raw Illinois coal 
showed an average potassium relative X-ray fraction of less than one 
percent. Use of KAl^{Sig 5Alj^ 502oI(OH)^ as the chemical formula for a 
common form of illite (Deer, Howie, and Zussman, 1966) indicates that 
potassium accounts for -11% of the elements in illite that are monitored 
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Table 46. Comparison of XRD and AIA mineral analyses of raw and 
physically-cleaned samples of Illinois No. 6 and Pittsburgh 
coals. Mineral data are expressed as weight percent of dry 
coal 
Illinois No.6 Pittsburgh 
Raw Clean^ Raw Clean® 
XRD AIA XRD AIA XRD AIA XRD AIA 
Pyrite & Marc. 9.11 5.85 0.61 1.10 3.18 4.09 —— 0.91 
Kaolinite 0.70 3.36 0.27 0.51 0.00 0.96 —— 1.05 
Illite 5.66 1.46 0.95 0.30 2.76 0.74 ——— 0.65 
Quartz 0.48 5.33 0.06 0.78 0.07 0.58 —— 0.36 
Gypsum & Fe Sulf 0.00 0.56 0.00 0.08 0.01 0.47 —— 0.02 
Calcite & Dolom. 0.00 0.86 0.00 0.02 0.00 0.08 —— 0.03 
Unassigned/Other 3.36 1.90 1.13 0.26 2.24 1.34 —— 0.35 
Mineral Matter^ 19. 32 3. 05 8. 26 3.37 
^Clean coal is material floated at 1.30 specific gravity. 
"Mineral matter = (1.13 x Ash) + (0.47 x Pyr.S.) from Table 1. 
Table 47. Comparison of XRD and AIA mineral analyses of raw and 
physically-cleaned samples of Adaville No. 11 and Dietz No. 1 
&2 coals. Mineral data are expressed as weight percent of dry 
coal 
Adaville 11 Dietz 1&2 
Raw Clean* Raw Clean^ 
XRD AIA XRD AIA XRD AIA XRD AIA 
Pyrite & Marc. 1.45 0.12 0.03 0.08 0.29 0.96 0.72 0.25 
Kaolinite 0.10 0.53 0.00 0.28 0.34 1.23 0.00 0.95 
Illite 2.04 0.32 0.62 0.05 1.22 0.23 0.85 0.06 
Quartz 1.37 3.48 0.24 2.91 0.18 1.83 0.09 1.24 
Gypsum & Fe Sulf 0.21 0.08 0,22 0.03 0.23 0.10 0.20 0.09 
Calcite & Dolom. 0.20 0.11 0.40 0.07 0.16 0.28 0.18 0.15 
Unassigned/Other 5.04 5.77 3.10 1.18 3.59 1.38 2.16 1.45 
Mineral Matter^ 10. 41 4. 60 6. 01 4. 19 
^Clean coal is material floated at 1.40 specific gravity. 
Clean coal is material floated at 1.38 specific gravity. 
^Mineral matter = (1.13 x Ash) + (0.47 x Pyr.S.) from Table 1. 
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during AIA (i.e., Al, Si and K, apart from oxygen and hydrogen). 
Therefore, the particles classified as kaolinite by AIA are quite likely 
kaolinite. 
AIA typically measured more quartz than did XRD. The same argument 
may be employed for the quartz particles. Silicon in the particles 
reported as quartz by AIA for the raw Illinois coal averaged 91% of the 
X-ray intensity. The remaining X-ray counts were divided between 
potassium (4%) and iron (3%) and a host of trace elements. It is 
surprising that XRD did not report more quartz in view of the fact that 
the quartz peaks typically dominate the X-ray diffraction patterns. 
Gypsum and calcite raw levels were approximately the same in both 
XRD and AIA results. 
XRD also reported a large amount of "unassigned" mineral matter for 
most of the samples as was already noted. The AIA value corresponding to 
the XRD unassigned category is the sum of other mineral phases not listed 
separately in the table along with that material truly classified as 
"miscellaneous" by AIA. In six of seven cases, the XRD "unassigned" 
category exceeded the AIA "others" category, and many times by a factor 
of more than two. Since the AIA results for the different minerals are 
higher than the XRD results, it is assumed at this time that the large 
amount of unassigned material in the XRD analyses could be assigned to 
the listed mineral phases given an improved data reduction technique for 
XRD. 
The X-ray diffraction analyses cannot confirm the AIA measures of 
mineralogy, due to the great amount of material listed as "unassigned" by 
XRD. However, the XRD results do not conclusively indicate any major 
problems with the AIA results. Additional comparisons would be in order 
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as XRD is developed as a quantitative technique. 
Comparison of AIA and Fourier transform infra-red spectroscopy 
FTIR analysis was used as a second means of checking AIA 
mineralogical results. Samples of raw and Gravimelt-treated Illinois No. 
6 coal were submitted to Dr. Paul Painter's group at Pennsylvania State 
University for FTIR analyses. The group attempted to analyze the 
samples following concentration of the mineral matter by low temperature 
ashing (Painter, 1983). The results of the FTIR analyses are presented 
with the comparable AIA results in Table 48. 
FTIR mineral analyses showed that the mineral matter in the raw coal 
was distributed among the common mineral forms. The clays kaolinite, 
illite, and montmorillonite accounted for nearly half of the mineral 
matter, followed by a quartz content of 19%. Pyrite content was not 
analyzed directly by FTIR, and is contained within the "miscellaneous" 
category. The pyrite content of the raw coal was previously calculated 
from the ASTM pyritic sulfur estimate (Table 36) as 17.8% of mineral 
matter. This is less than the 36% of the mineral matter contained in the 
"miscellaneous" category, and it is possible that the "miscellaneous" 
category contains other mineral phases unidentified in the FTIR spectrum. 
FTIR analysis was able to reveal little about the mineral matter in 
the processed sample. Only 14% of the material was identifiable as 
kaolinite and quartz. Dr. Painter did state that the remaining material 
was thought to be "sulfates of some description" along with some mixed 
layer clays. 
The FTIR and AIA results show general agreement for the raw coal 
for the four minerals, kaolinite, illite, quartz, and calcite, which were 
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Table 48. Comparison of FTIR and ÀIÀ results for raw and chemically-
cleaned Illinois coal. Results are reported as weight percent 
of mineral matter 
Raw Coal Treated i Coal, 
FTIR AIA® FTIR AIA® 
Kaolinite 12 .0 14. 0+3. ,7 4. 0 12. 8+2. 3 
Quartz 19 .0 23. 6+2. 3 10. 0 24. 4+4. 2 
1111te & Montmorillonite 31 .5 26. 8+8. ,3 —-— 13. 7±3. 8 
Calcite 1 .5 1. 4+1. 8 — — -— 6. 9±1. 7 
Pyri te —  — '  18. 8±3. 0 - — — — 6. 8+2, .4 
Other minor phases 
Miscellaneous^»" 
8. 1±1. ,3 ^ — —  — 11. 7+3, .4 
36 .0 7. 4+1. ,0 86. 0 23. 7±4, .8 
^Values are from Tables 25a-b adjusted to percent of mineral matter 
content. 
^Values are from Tables 26a-b adjusted to percent of mineral matter 
content. 
^Miscellaneous material in the FTIR analyses includes pyrite along 
with miscellaneous phases since pyrite was not analyzed by FTIR. 
^Miscellaneous material in image analyses was assigned a density of 
2.5 g/cc due to its unknown nature. Most minerals in coal have a density 
between 2.3 and 3.0 g/cc. 
analyzed by both techniques. Differences between the results are less 
than 20% relative, which is approximately the range of uncertainty in the 
AIA results. The agreement for the processed coal is not so good. AIA 
indicates higher quartz and kaolinite contents than FTIR found. It is 
possible that AIA might have classified mineral particles into these 
specific categories that the FTIR could only label as "miscellaneous". 
The FTIR technique used to analyze the samples is particularly 
dependent on good standards for the mineral species since the analysis is 
accomplished by fitting the FTIR patterns of reference minerals to the 
FTIR spectrum obtained from the unknown sample. Even for raw coals there 
is sufficient variation in the FTIR patterns of common minerals that a 
number of reference FTIR patterns are needed to find a good match. 
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Altered minerals, such as result from the Gravimelt process, cause 
particular problems since good reference spectra are not readily 
available. 
AIÂ appears to be at least as good as FTIR for analysis of raw and 
processed coals. AIA appears to be superior to FTIR in being able to 
identify more phases and at lover levels than FTIR can, and also provides 
average elemental analyses of the phases for further study. The nature 
of AIA also permits the chemistry definition file to be refined as needed 
to better categorize new phases. Of course, AIA also provides size 
information for the mineral particles. 
Summary of comparisons of AIA with other techniques 
Comparison of AIA and ASTM pyritic sulfur estimates suggests that 
AIA overestimates pyritic sulfur content by as much as 60% for some 
samples. Several possible reasons for the overestimation were evaluated. 
It is possible that thresholding effects might account for one third 
of this overestimation for samples containing a large weight fraction of 
small particles (i.e., <20wm). The thresholding effect alone does not 
appear to be large enough to justify the 75% correction factoE advocated 
by Huggins et al. (1980). 
Enhancement of the pyrite fraction at the analysis surface due to 
preferential settling does not appear to be a significant factor for any 
of the coals reported in this study. No significant settling was 
observed in the results of an analysis of a vertical section of 200 mesh 
Illinois coal. But settling can affect the measured mineral distribution 
for coarse coal samples (coarser than 32 mesh) prepared using a high 
epoxy-to-coal ratio. 
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A wrong value of pyrite density due to significant porosity could 
account for virtually all of the pyrite overestimation, particularly if 
there is much large pyrite. The presence of a significant amount of 
porosity would mean that the density value for pyrite used in the image 
analyses to convert areal analyses to mass analyses is erroneously high. 
Image analyses did find a significant (40%) amount of porosity in a few 
large particles of pyrite. The correction factor of 0.75, as suggested 
by Huggins and co-workers to bring AIA pyrite results into line with ASTM 
and Mossbauer results, may be a correction for the significant porosity 
in pyrite rather than a correction of area overestimation due to the 
brightness of the pyrite, as originally supposed. Rather than a blanket 
correction factor, a better approach to correcting for porosity would be 
to incorporate the proper density values as a function of particle size 
directly into the chemistry file, based on the character of the porosity 
of the pyrite for individual coals. The pyrite character would need to 
be determined independently as in manual SEM examinations. The best 
approach would be to develop a local thresholding procedure for AIA to 
account for porosity directly and not have to employ an empirical density 
correction factor. 
AIA results found measurable amounts of pyrite in the residues from 
the ASTM nitric acid leach (Table 43 and Appendix I), which indicates 
that the ASTM analyses are subject to underestimating pyritic sulfur. 
Insufficient residual pyrite was found to explain the discrepancy between 
AIA and ASTM results for most samples. But, the combination of residual 
pyrite and uncertainty in the AIA and ASTM determinations appeared to be 
sufficient to explain differences in the Illinois raw and Pittsburgh 
cleaned coals. The amount of residual pyrite (0.05% and 0.24% for the 
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hot and cold nitric acid leaches, respectively) was significant compared 
to the low level of pyrite measured for the cleaned Pittsburgh coal 
(0.03%). A third, independent technique, such as Mossbauer spectroscopy, 
is necessary to establish the amount of pyrite in raw and cleaned coals. 
Comparison of AIA with X-ray diffraction and Fourier transform 
infra-red spectroscopy indicated that AIA is at least as satisfactory a 
means of determining mineral distributions for most minerals. XRD and 
FTIR analyses were plagued by large amounts of material that were not 
assigned to a particular mineral class. XRD and AIA results were only 
roughly comparable. Severe discrepancies were noted between XRD and AIA 
results, such as the greater amounts of kaolinite and quartz measured by 
AIA. Analysis of the AIA results ruled out the likelihood of erroneous 
classification of the particles by AIA, and the large numbers of 
particles so classified by AIA suggests that the XRD analyses are in 
error, or that a large part of the unassigned material in the XRD 
analyses represents kaolinite or quartz. FTIR and AIA results were 
roughly comparable for those minerals measured by both techniques. 
However. FTIR was not able to measure pyrite content and was able to 
provide estimates of weight fraction for relatively few minerals. 
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CONCLUSIONS 
The following sections relate the conclusions of this study of the 
application of automated image analysis to characterization of mineral 
matter in coal. The first section summarizes the development of 
alternate mounting media for coal to permit analysis of coal particles by 
AIA. The second and third sections consider the development of AIA as a 
suitable technique for characterizing mineral matter in coal. In that 
regard, the discussion covers the development of a suitable chemistry 
definition file for coal mineral analysis and the necessary particle 
counts for reproducible size analyses. The fourth section reviews the 
steps involved in designing an AIA procedure. The fifth and sixth 
sections summarize the results of the application of AIA to several raw 
and cleaned coals. The seventh section summarizes comparisons of AIA 
results to ASTM, X-ray diffraction, and Fourier transform infra-red 
measures of the mineral character. In addition, several possible reasons 
are discussed that may cause AIA to overestimate the pyrite content of 
the mineral matter. Finally, a number of suggestions for further work 
are included. 
Alternate Mounting Media for Coal/Media Contrast 
Both polyethylene and polystyrene were demonstrated as potential 
mounting materials for embedding coal samples for image analysis. 
Conventional epoxy resins used to embed coal samples appear at nearly the 
same brightness in backscattered electron images, thus prohibiting 
automated image analysis of coal particles. Both polyethylene and 
polystyrene exhibited visible contrast with coal particles in 
backscattered electron images of 0.67 and 0.34 atomic number units, 
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respectively. However, a minimal contrast of 0.9 atomic number units 
appears to be necessary in order to employ global thresholding in the 
image analyzer used for the current work. Polishing artifacts and normal 
noise and variations in the brightness of the coal and mounting material 
necessitate such a level of contrast. Therefore, neither material is 
presently satisfactory for image analysis of coal particles. Improved 
polishing techniques may eventually permit global thresholding to be 
used, or improved software may permit the use of local thresholding to 
locate particles. 
In addition, the polyethylenes exhibited problems with adhesion to 
the coal-mineral particles, and problems with producing a uniform 
dispersion of coal particles. Coal particles tended to clump together 
since the coal-polyethylene mixture was hot-pressed into pellet form from 
a dry powder, rather than polymerized from liquid form. Other 
formulations or preparations of polyethylene might result in more uniform 
particle dispersions and better adhesion to the coal and mineral 
particles. Polypropylene or similar polymers with side groups, but with 
the same 2:1 hydrogen:carbon ratio, might afford better adhesion to the 
coal and might prove easier to polish. 
The polystyrene exhibited problems with the coal and mineral 
particles settling to the bottom of the pellet. The use of a lower 
polystyrene-to-coal ratio may help prevent settling, but may lead to 
problems if the higher fraction of coal inhibits the polymerization of 
the styrene. 
The techniques for preparing pellets of either polymer requires 
further development before they can be routinely used for coal analysis 
by AIA. 
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Preliminary results from studies of nitric acid-leached coals 
indicate that coal particles might be selectively doped with elements 
heavier than carbon (i.e., atomic number greater than 6) to raise the 
average atomic number of coal to produce sufficient contrast with the 
epoxy mounting material for image analysis. Nitric acid-leached coal 
particles appeared brighter than untreated coal particles, and therefore, 
appeared brighter than the epoxy mounting medium. Wavelength-dispersive 
X-ray analysis indicated that the increase in brightness was due to a 
nearly two-fold increase in oxygen content, rather than an increase in 
nitrogen content. However, the nitric acid severely altered the mineral 
matter character of the coal by removing sulfate, sulfide and carbonate 
minerals. Further research is needed to find a method of introducing 
heavier elements without altering the character of the mineral 
distribution. Perhaps some of the heavy metal staining techniques used 
in examination of biological samples might be adapted to selectively 
stain coal particles. 
Chemistry Definition File Development 
Two approaches were considered for developing a chemistry definition 
file for automatically classifying the coal mineral particles detected 
and sized by AIA. The first approach involved automatically classifying 
a sampling of mineral particles without any prior consideration of 
mineral phases that might be present. Definitions were then formulated 
and adjusted to account for anticipated mineralogy. The second approach 
began with relative X-ray intensity measures for likely mineral phases. 
Relative intensities were either measured from mineral standards or 
estimated from the chemical formula. Both approaches have advantages and 
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disadvantages so that the final classification file represented a 
combination of the two approaches. 
Three fundamental steps are necessary in creating a chemistry 
definition file. The first step is to identify the minerals present. 
The second step is to determine which elements must be monitored to 
differentiate the phases, and to establish regions-of-interest to monitor 
those elements. The third step is to create a file structure to sort the 
minerals. Sufficient definitions need to be written to delineate each 
phase, and the hierarchy of the sorting procedure needs to be established 
to properly sort out the phases. 
Autoclassification 
The first approach used to establish a chemistry definition may be 
considered the "empirical" approach. A chemistry definition file may be 
developed from a sampling of the mineral particles actually encountered 
in coal analysis. A sample of mineral particles may be analyzed by AIA 
measuring the X-ray intensities for a comprehensive list of elements. 
Autoclassification may then be used to sort the mineral particles in the 
sample on the basis of the elements present and their relative 
intensities. The mineral identity of each of the resulting categories 
must then be established and definitions written to effect the sorting. 
The definitions should be checked by applying them to the same sampling 
of mineral particles to insure that particles are classified properly. 
The empirical approach does result in proper mineral definitions for 
the major mineral phases. Good estimates of the average and range of 
relative elemental intensities for the different minerals are available, 
given a large sampling of mineral particles. These average intensities 
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will be representative for the mineral compositions encountered, and 
under the particular X-ray analysis and SEM conditions for which the 
sample was collected. The empirical approach will also properly separate 
chemically-distinct phases that are present in the sampling. For 
example, pyrite and iron sulfate will appear as distinct phases given 
sufficient sensitivity to differences in relative intensities. 
However, trace mineral phases may be missing from the sampling, 
therefore, definitions of trace minerals may be inadvertently omitted 
from the chemistry definition file. Such phases, if deemed significant, 
need to be added to the chemistry definition file following the procedure 
for a priori definitions described below. Otherwise, such phases will be 
classified as "miscellaneous" particles and subclassified within that 
designation. 
A priori definitions 
Chemistry definitions may be written for the mineral phases based on 
a priori knowledge of the chemistry of the likely mineral phases. A 
complete list of potential minerals and their relative elemental 
intensities is necessary for creation of such a chemistry file. The 
relative X-ray intensity data for the phases are used to construct the 
chemical definitions. Relative X-ray intensity data may be collected 
from mineral standards or estimated from the chemical formula. 
This approach ensures that trace mineral phases of interest will be 
included in the chemistry definitions. However, this approach is subject 
to error from wrong estimates of relative X-ray intensity, and is 
especially subject to error due to the omission of a mineral phase. If a 
mineral is omitted from the original set of minerals, it may be 
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misclassified with a similar, but chemically-distinct mineral, or 
classified as an unidentified or miscellaneous phase. The chemical 
distinctions may be present to classify the particle into a unique 
category, but since the mineral vas not previously considered, 
insufficient definitions may have been included in the chemistry file to 
differentiate the phase. Should two minerals be erroneously lumped 
together in the chemical specifications, the error may go undetected for 
a long time. 
Final approach 
A combination of both of the approaches was used to produce the best 
chemistry file for coal mineral analysis. A list of potential mineral 
phases was used as a starting point. Information on the relative 
elemental intensities from mineral standards for those phases was used to 
estimate the relative X-ray intensities. A sample of mineral particles 
was automatically classified to detect any other significant mineral 
phases and to measure the range of relative intensities that may be 
encountered for common minerals in coal. The mineral definitions were 
formulated and ordered to effect a satisfactory classification. Limits 
on relative elemental intensities for the categories were defined to be 
sufficiently broad to allow for some variation in X-ray intensities with 
mineral source and counting statistics, but sufficiently narrow so as to 
avoid misclassification. 
Definitions for mineral phases were ordered to place the more 
restrictive definitions towards the beginning of the chemistry file. 
Categories with less restrictions on the same elements could then be 
placed later in the chemistry file without resulting in significant 
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misclassifîcation. Frequent mineral phases were placed early in the 
chemistry definition file, when possible, to speed up the classification 
process. 
Other considerations 
Tolerance in specifications Mineral definitions may be specified 
loosely or tightly about the average relative intensities for either 
method of file development. Relative elemental intensities for minerals 
containing more than one element vary with experimental parameters 
(accelerating voltage, takeoff angle, regions-of-interest definitions, 
etc.) and with the source of the mineral. Loose limits on the relative 
X-ray intensities permit the chemistry file to be used under slightly 
different experimental conditions without the need for revision. It is 
also less subject to minor variations in mineral compositions. However, 
it may be subject to misclassifîcation of particles due to imprecise 
definitions. The opposite is true with tight limits on the relative 
intensities. Those particles classified as mineral "A" are almost 
certainly mineral "A", but even natural variation in the composition of 
the mineral may result in misclassification. 
Errors in the chemistry definition file Poor chemistry 
definitions are likely to result in excessive amounts of miscellaneous 
and otherwise nondescript particles, such as "silicates". In such cases, 
a significant number of particles are not being classified into the 
proper category. For such classification errors, the error can often be 
discovered and corrected by detailed examination of the chemical summary 
for the miscellaneous or silicates categories, which is available as part 
of the AIA results. The first step is to determine what common mineral 
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phases are being misclassified, and to edit the appropriate definition 
changes into the chemistry file. 
Errors in the AIA chemical definitions may also be detected when AIÀ 
results are compared with other mineral estimates. An example was given 
of how comparison of ASTH forms-of-sulfur analyses with AIA estimates led 
to discovery of an error in the chemical definitions for iron- and 
sulfur-bearing minerals. Initial chemistry definition files did not 
allow for iron sulfate as a separate category. The sulfate was 
misclassified as pyrite due to loose limits on the pyrite category, and 
resulted in significantly inflated AIA pyritic sulfur estimates. To 
avoid such errors, it is worthwhile to examine the detailed chemical 
summaries on a periodic basis to check for misclassified particles and to 
check that only a single major chemical class is represented by each 
category. 
Compositional restrictions The structure and application of 
chemistry definition files permits AIA results to be only 
"compositionally specific". AIA does not presently differentiate between 
chemical phases with apparently similar elemental compositions. For, 
example, hematite, siderite, and metallic iron appear identical to the 
chemical classification program since elements lighter than sodium are 
not monitored. The results of alternative analyses, such as X-ray 
diffraction, are necessary to determine the distribution of the mass 
among compositionally-similar minerals. If such minerals are present in 
the sample, then other distinctions, such as net X-ray count rate or 
backscattered electron intensity, would be necessary for proper 
classification on a particle-by-particle basis. The absolute X-ray 
intensity could distinguish between phases, but such analyses would need 
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to be performed under similar operating conditions. The backscattered 
electron signal is more easily calibrated on successive runs, and might 
permit a quick means for differentiating phases on the basis of 
differences in the atomic number factors. 
Morphological factors The chemistry file may need to take into 
account the morphology of the minerals for reliable ÂIA results. Pyrite 
was cited as an example of a mineral phase that can exhibit a range of 
densities depending on its form of occurrence. Massive pyrite vas seen 
to be porous in a few limited manual observations, but AIA vas not able 
to detect and account for the porosity because of the thresholding method 
used. The massive pyrite should have been assigned a lower apparent 
density than disseminated crystals of pyrite. Further work needs to be 
done to determine if some measurable parameter such as size or aspect 
ratio can be used to determine the proper density for pyrite particles. 
Similar research may also be necessary for other mineral forms, although 
no other minerals vere noted to have such a problem vith porosity. 
Chemically-altered minerals Application of image analysis to 
samples of chemically-processed coals indicated the need to develop a 
chemistry definition file particularly suited to the altered mineralogy. 
Some of the mineral particles analyzed matched common mineral 
specifications, but a large number of particles were found that could 
only be classified as miscellaneous phases. Proper evaluation of the 
sample vould require processing the sample as a complete unknown, and 
developing another, more comprehensive, chemistry definition file to 
accommodate new phases and altered forms of existing phases (e.g., pyrite 
+ potassium). An autoclassification analysis by AIA could reveal the 
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significant phases and the relative X-ray intensities. Phases would need 
to be identified, using AIA elemental data for the new phases in 
conjunction with X-ray diffraction and other techniques. Then the 
appropriate chemical definitions could be formulated. In the current 
study, the automatic subclassification of particles in the miscellaneous 
category was able to provide adequate information on the new phases. 
Statistics of AIA 
The necessary particle sampling for reliable AIA results was 
discussed and criteria were recommended dependent upon the purpose of the 
analysis. Kelly et al. (1980) had suggested a criteria for determining 
the minimum analysis area to limit the effect of any single particle on 
the estimate of mineral distribution. The criteria resulted in very 
broad confidence limits of about ±45% relative for minerals constituting 
20% of the mineral matter. Also, the criteria did not specifically 
address the reliability of the measured size distributions, although the 
size distributions are subject to greater variance than are the mineral 
fractions apart from size. Kelly's approach was extended in this work to 
calculate minimum areas for each size range of interest to insure 
reproducible size distributions. It is possible to set acceptable ranges 
of confidence limits on AIA results before data collection and to design 
the analysis to achieve those limits. 
Acceptable limits are specified by setting a value of maximum 
acceptable relative error and a value of concentration above which that 
relative error is to apply. Below that concentration, a fixed value of 
error may be used to estimate the variability. For example, a relative 
standard deviation of ±10% may be specified as acceptable for mineral-
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size categories comprising more than 5 X  o f  the mass of the mineral 
matter. Then, an absolute variance of ±0.5% (=10%'5%) would provide a 
conservative estimate of variance for mineral-size categories containing 
less than 5% of the mineral matter. Using these values in equation 17 
would lead to a value of N=2000 (=100%/(0.10^*5%)) to be used in 
calculating the minimum area for analysis for each size range. The value 
of N would be combined with the maximum particle diameter in a size 
range, 0, and the mineral matter fraction of the pellet surface, C, to 
determine a minimum pellet area for analysis as A^j^j^=(ND^)/C. 
Three methods were demonstrated for calculating precision in AlA 
results for each individual category. In the first method, confidence 
bands were calculated using one over the square root of the count in the 
particular mineral-size category as a measure of the relative standard 
deviation for that category. The method works satisfactorily for 
analyses where each particle has a similar influence on the mass 
distribution (i.e., the count fraction and weight fraction distributions 
are similar). The method breaks down and underestimates the variation in 
some categories if particles do not have similar impacts (i.e., a few 
large particles have disproportionately large effects on the mineral 
distributions). For that case, a modified statistical analysis was used 
which takes into account the additional variability in the results due to 
the interaction of weight fractions. 
The first two techniques consider only the variability in the 
results due to the variability in the count per category and are adequate 
estimates of error for comparisons of weight fractions within a coal. 
Comparison of weight fractions between coals requires an additional term 
in the error expression to allow for uncertainty in the mineral matter 
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mineral matter determination. It was shown that a further relative error 
of ±10% should be included to reflect that uncertainty. For mineral-size 
categories with small (i.e., 10%) relative variation due to the particle 
count, the ±10% uncertainty in the mineral matter determination dominated 
the error in the results and the adjusted error in the results was only 
slightly larger than ±10%, relative. However, for most size-mineral 
categories, the relative error was already larger than 10% and the 
additional error due to uncertainty in the mineral matter content led to 
only minor adjustments in the error estimates. 
Review of MA Design 
The first step in analyzing a new coal is to determine what 
information is desired. If AIA is only being used for a mineral 
distribution estimate, then the sample may be ground to minimize the size 
range of particles in order to speed the analysis. The researcher may 
also want to consider whether other techniques such as X-ray diffraction 
or Fourier transform infra-red spectroscopy might be able to provide the 
same information faster at a sufficient level of accuracy. If size 
information is needed, then samples should not be ground, and the 
researcher needs to determine what size information is needed and what 
physical measurements are of interest (i.e., particle area, length, 
width, equivalent width, or perimeter). 
SEM-based AIA is able to provide size analyses on mineral particles 
ranging in size from about 1 ym to about 1000 um (14 mesh corresponds to 
1168 ym). The lower size limit is a consequence of the X-ray resolution 
since the electron beam excites a volume of several cubic micrometers. 
The upper size limit is a function of the microscope used. The 
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microscope used in this work has a practical lower magnification limit of 
50 diameters, which corresponds to a field of view of 2000 ym. However, 
analysis of large particles requires a severely reduced field of view. 
The AIA programs use a "guard ring" set in from the edge of the frame by 
an amount equal to the radius of the largest particle to insure that no 
particle extends beyond the edges of the screen. Only particles with 
centroids located within the guard ring are accepted for analysis. 
Therefore, analysis of 1000 ym particles at 50 diameters magnification 
requires a guard ring of 500 ym, and only the central 25% of the viewing 
area is available for analysis (i.e., 25% = 100%-[(2000-2(500)]2/20002). 
The operator next needs to determine the acceptable levels of 
precision for the analysis. The desired confidence limits are used to 
establish a factor, N, representing the minimum number of particles that 
should be analyzed. Using this value of N, an estimate of maximum 
particle size, and the coverage of mineral matter on the pellet, it is 
possible to calculate the minimum pellet area that must be analyzed to 
achieve the desired level of precision. 
The specific parameters for the analysis must be set next. The 
instrumental parameters of point density and magnification, and the 
number of fields of view to be analyzed need to be set to achieve the 
desired precision. Often several considerations will interact in 
determining the proper instrumental parameters. For example, the 
coverage of mineral particles may be quite large leading to a very small, 
minimum analysis area. Resolution requirements may permit the analysis 
to be carried out at relatively low magnification so that only 10 frames 
would need to be analyzed to reach the minimum area. In that case, it 
would be desirable to increase the magnification or otherwise cut down on 
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the area analyzed per frame to spread the analysis over more frames. 
Analysis of multiple frames reduces the variance in the average number of 
particles per frame by the square root of the number of frames analyzed. 
This helps to minimize the effects of localized concentrations of small 
particles. The use of the higher magnification will also reduce the 
point density that is necessary for the desired level of precision. 
The operator must check to see that an acceptable chemistry file is 
available for the sample being analyzed. If the sample and the analysis 
conditions, such as beam voltage, are similar to previous analyses, then 
previous chemistry files may be employed. However, new chemistry files 
may be necessary for new samples, as was the case for the chemically-
cleaned coals. In that case, the operator needs to determine the phases 
present in the sample using autoclassification of particles and/or X-ray 
diffraction. He must also determine the range of relative X-ray 
intensities indicative of each phase. In addition, he must write and 
order the chemical definitions so that the phases will be properly 
differentiated. 
The analysis itself is conducted by analyzing the calculated areas 
for the appropriate size ranges of particles, and the results of the 
analysis need to be corrected to put all results on a consistent "area-
analyzed" basis. 
The results should then be checked for large amounts of 
miscellaneous material or unusual mineral abundances which would be 
indicative of a faulty chemistry definition file. The distribution of 
average weights per particle should also be checked, to insure that no 
particles account for disproportionate amounts of the mineral matter, 
which would be indicative of poor analysis design. The average weight 
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per particle may also be used to check whether or not the blanket 
precision values used in designing the analysis are still applicable. 
The values may be used if the average weight per particle is less than 
1/N of the mineral matter content. In some cases it may be worthwhile to 
verify the precision of the analysis by calculating the variability for 
each mineral-size category directly from the counts in that category. 
If the weight per particle varies drastically over the size range of 
the analysis, then revised error estimates need to be calculated. The 
form of an expression for a correction factor to the error calculated 
from the count was developed in the results section. Also, if ÂIA data 
are to be compared on a dry coal basis, then an additional uncertainty 
has to be included in the error estimates for the mineral matter 
determination. 
After these preliminary checks, the results should be examined to 
determine the characteristics of the sample. The major mineral phases 
should be noted, along with their size distributions. The weight 
fractions and size distributions of minor mineral phases of particular 
interest should also be noted. 
Application of AIA to Raw Coal Analysis 
AIA results were reported for six coal samples prior to cleaning. 
Samples from the Illinois No. 6, Pittsburgh, Adaville No. 11, and Dietz 
No. 1&2 seams were selected for physical cleaning by float-sink 
separation at 200 mesh (<74 micron) particle size. Separate samples of 
Illinois No. 6 and Pittsburgh No. 8 seams were selected for processing by 
the TRW Gravimelt chemical cleaning process. The raw samples of those 
two coals had been ground to 14 mesh and 6 mesh, respectively. 
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AIA results indicated that most of the mineral matter typically 
consisted of pyrite, kaolinite, illite, quartz, and calcite. This 
finding was in agreement with previous analyses published by Huggins and 
do-workers for similar coals. Much variation was observed in the mineral 
analyses of the two pairs of Illinois and Pittsburgh coals. Even so, 
larger differences were observed among the samples from the four 
different coal seams (Illinois, Pittsburgh, Adaville, and Dietz) than 
were observed between two samples of the same coal. For example, the 
dominant minerals in the Adaville coal were found to be quartz, an iron-
rich phase (presumably siderite), miscellaneous minerals, and apatite. 
The minerals pyrite, kaolinite, and illite occurred in lower 
concentration than apatite. The dominant minerals for the Dietz coal 
were quartz, pyrite, kaolinite, and miscellaneous phases. Illite was 
notably absent from the mineralogy of the Dietz coal. 
AIA was also able to detect minor and trace mineral phases in coals. 
For example, AIA detected apatite in the Adaville sample and AIA 
routinely detected trace amounts of rutile in several coals. However, 
AIA is not be able to detect all occurrences of trace phases. If the 
trace phases exist as minor inclusions in particles of one of the common 
minerals, then AIA will probably not detect the phase. If the trace 
phases exist as separate homogeneous particles they will probably be 
detected. Future revisions to software to employ multiple threshold 
settings may permit detection of inclusions by using the differences in 
atomic number factor of the minerals. 
Results showed significant differences in the size distributions of 
the various minerals within a coal and from coal to coal. About half of 
the mass of the mineral matter in the 200 mesh coals was measured to be 
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larger than 12 microns, and was thus anticipated to be subject to removal 
by float-sink separation. Typically, pyrite and quartz were noted to be 
the coarsest minerals. 
Application of AIA to Clean Coal Analysis 
AIA was used to analyze seven cleaned coal samples. Four samples 
were products of float-sink separations of 200 mesh coal. Ash levels 
were reduced to less than 4% using specific gravities ranging from 1.30 
to 1.40 for the separations. Another three samples were products from 
the TRW Gravimelt chemical cleaning process. In that process, raw coals 
were treated with molten caustic to render the mineral matter soluble for 
removal by a sulfuric acid wash. 
AIA was uniquely suited to the analysis of the minimal mineral 
matter remaining in both sets of cleaned coals. AIA was able to analyze 
the mineral particles present, even though mineral matter was less than 
4% of the dry coal and the dry coal accounted for about half of the 
surface of the pellet used for AIA. No pre-concentration steps were 
needed as in XRD or FTIR analyses. Analyses were slowed slightly as 
more pellet surface had to be scanned in order to find an adequate number 
of particles for analysis. 
Physically-cleaned coals 
AIA found that nearly all the mineral matter larger than 21 microns 
had been removed by the float-sink separation for the four 200 mesh (74 
micron) coals. In the case of the Illinois No. 6 coal, removal extended 
to the finest size ranges. The other three coals showed little or no 
removal of particles less than 12 microns. The greater extent of removal 
of minerals from the Illinois coal is thought to be due to the larger 
258 
amount of mineral matter originally present in that sample. The larger 
aunount of mineral matter probably included localized concentrations of 
small mineral particles, or associations of small mineral particles with 
large mineral particles that were subject to removal; therefore, a 
substantial amount of small particles were removed. Without an analysis 
of the association of the coal and mineral particles, it is not possible 
to state with certainty which, if either, of these possibilities was the 
reason for the removal of small minerals particles. No recovery 
information was available to determine how much organic matter was 
rejected with the mineral particles in the sink fraction. 
Some selective removal of minerals was noted. For example, 
virtually all the calcite in the Illinois No. 6 coal was apparently 
removed across all size ranges. Other minerals were removed from the 
smaller size ranges, but not so completely. The results indicate some 
characteristic of the association of the calcite permitted easier 
removal. As another example, pyrite was determined to have been 
significantly removed from the 4-7 pm size range of. the Pittsburgh coal. 
However, the weight fractions of the other major minerals in that size 
range (kaolinite, illite, and quartz) were not significantly different as 
a result of processing. This finding is reasonable considering the 
higher density of pyrite. 
The size distributions of the cleaned samples verified the expected 
behavior of the coals during density separation. For the nominal 
particle size of 74 ym for the raw coal, it was calculated that a pyrite 
particle of 21 ym diameter would increase the effective density of a 
combined coal and pyrite particle by 0.08 g/cc over the density of the 
pure coal. A single 12 ym pyrite particle would increase the density by 
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only 0.01 g/cc over the pure coal. Since a doubling of particle size 
results in an eight-fold increase in the effective change in density, it 
is obvious that no particles much larger than 20 ym should be carried 
along to the clean coal, particularly for separations performed at 
densities only slightly higher than the density of the coal. The exact 
shape of the removal curve will depend on the character of association of 
the mineral particles with the organic matter for a particular coal. 
Chemically-cleaned coals 
AIA was applied to one partially-processed and two completely-
processed samples from the TRW Gravimelt process. The nature of the 
mineral matter in the processed samples was markedly different from that 
of the minerals in the raw coal. The process was designed to chemically 
alter the mineral particles for removal by a sulfuric acid wash. A 
complete characterization of such material should proceed by treating the 
material as a total unknown, and developing a new chemistry file. 
In this study, a feature of the classification software which 
permits major classes to be subclassified on the basis of the elements 
present and their relative intensity was used to gather information about 
the character of the miscellaneous phases. 
AIA was applied to a partially-processed sample of Pittsburgh coal. 
The raw coal had been subjected to the molten caustic bath and a water 
wash, but had not yet been subjected to the sulfuric acid wash. The ash 
content of the sample was more than twice as high as that of the raw 
coal, presumably due to caustic not washed from the coal. AIA indicated 
that most of the mineral matter could only be characterized as 
miscellaneous material which contained major amounts of potassium and 
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sodium. The amount of material classified into the common mineral 
categories was markedly reduced following the first stage of processing. 
Some of the material would seem to have combined with the caustic and was 
classified as miscellaneous particles since it "reappeared" in minor 
amounts following the sulfuric acid wash. The illite content remained 
the same during the first stage of processing, but illite is a special 
case, being a potassium-bearing clay. In fact, the "illite" in the 
partially-processed coal exhibited potassium levels about twice as high 
as those found in illite from either the raw or completely-processed 
samples, indicating that it was not the same illite found in the raw 
coal. The partially-processed sample also displayed a large amount of 
"calcite" whereas none had been found in the raw coal. The source of the 
calcium for this phase remains unknown. 
The particles classified into the miscellaneous category fell into 
several major categories. Many particles were characterized by the 
following combinations of major elements: K-Si, K-Ca, K-Na and K-only. 
The K-Si combination likely included quartz from the raw coal. Only a 
minimal number of particles were found that might have represented the 
"lost" amounts of the common minerals, pyrite and kaolinite. 
The complete cleaning process reduced ash contents to 0.53 and 1.00% 
for the Illinois and Pittsburgh samples, respectively. Many of the 
miscellaneous particles from the intermediate sample were apparently 
removed by the sulfuric acid wash since the miscellaneous particles 
accounted for less than 30% of the mineral matter following the sulfuric 
acid wash. AIA was able to locate kaolinite, illite, and quartz in the 
Illinois coal, along with a lesser amount of pyrite and calcite. The 
mineral matter in the cleaned Pittsburgh sample was dominated by pyrite, 
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kaolinite, and some quartz. The miscellaneous material in both cleaned 
samples still contained significant amounts of potassium. The Illinois 
coal contained some particles characterized by significant amounts of 
titanium and the Pittsburgh sample contained many particles characterized 
primarily by a high chromium content. For the Pittsburgh sample, it 
appeared that at least some of the "mineral matter" remaining after 
processing vas due to deterioration of the basket used to confine the 
coal during cleaning. 
AIA size distributions for the clean coals were quite different than 
those found for the physically-cleaned coals. In general, only small 
mineral particles remained after processing, but the maximum particle 
size was greater than that found for the physically-cleaned coals. The 
larger size of the raw coal particles apparently protected some of the 
larger mineral particles from chemical attack. However, it is not known 
what permitted some mineral particles to escape chemical attack while 
effectively all of the mineral matter was removed. 
Summary of application of AIA to processed coals 
AIA is uniquely suited for characterization of cleaned coals= It 
was possible to measure size and chemical data for the low levels of 
minerals remaining without special concentration steps. For those phases 
that could not be identified by name, AIA was able to provide average 
chemical intensity data to aid in further analysis by alternative 
techniques, such as X-ray diffraction. Development of a specialized 
chemical definition file for the new phases encountered in the processed 
coal would provide even better characterization of the minerals left in 
the cleaned coal. 
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Comparison of AIA with other analytical techniques 
Results of AIA were compared with ASTM forms-of-sulfur analyses, X-
ray diffraction analyses (XRD), and Fourier transform infra-red (FTIR) 
analyses as independent measures of the mineral character. 
Comparison with ASTM pyritic sulfur analyses 
AIA estimates of pyritic sulfur content were compared to ASTM 
pyritic sulfur analyses for all coals analyzed by AIA. Comparison of AIA 
and ASTH estimates of pyritic sulfur showed that AIA estimates were often 
in excess of ASTM pyritic sulfur estimates by as much as 50%. The eight 
samples from the study of physically-cleaned coals showed the most 
overestimation. The five coals from the chemical cleaning study showed 
relatively good agreement between AIA and ASTH measurements. Several 
factors were studied as they might contribute to the overestimation. 
Brightness of pyrite and threshold setting The brightness of the 
backscattered electron signal from pyrite has been cited as the source of 
the overestimation by Huggins et al. (1980). This research confirmed 
some overestimation due to the brightness of pyrite, and which was a 
function of particle size. The threshold setting was seen to result in a 
25% overestimation of particle area for an 8 ym particle, but only a 5% 
overestimation for a 276 ym particle (approximately 60 mesh). In view of 
the great mass of pyrite found in the largest size ranges for most 
samples, this author estimates that the threshold effect accounts for no 
more than a 10% overestimation of pyrite. 
Preferential settling of mineral particles Settling of pyrite 
during preparation of pellets for image analysis was thought to be a 
potential analytical problem. However, AIA results for the vertical 
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cross section of a pellet of 200 mesh (<74 ym) Illinois No. 6 coal 
revealed only minor settling effects. The pyrite fraction at the bottom 
of the pellet vas 6% greater than the average pyrite fraction for the 
pellet, and was not statistically different from the average for the 
limited number of particles analyzed. The pyritic sulfur estimate from 
the vertical segment with the lowest pyrite fraction was still higher 
than the ASTM pyritic sulfur measurement. 
Settling is less of a problem with cleaned coals where much of the 
mineral matter has been removed, resulting in a more uniform density 
among the particles. Settling is also less of a problem for pellets 
prepared with minimal amounts of epoxy (i.e., 40-50% by volume). The low 
epoxy content prevents the relative movement of the coal and mineral 
particles. Preferential settling is not thought to be a major factor in 
the current work. 
Density of large pyrite particles Pyrite density was found to be 
the single largest factor in the overestimation of pyritic sulfur 
content. Chuang et al. (1980) and Smit and Odekirk (1984) have reported 
that a density of less than 5.0 g/cc should be used for pyrite in coal. 
The current work has also revealed up to 40% porosity in large particles 
of pyrite. 
The AIA system used for this work was not able to properly handle 
the porosity by excluding it from particle area. The pyrite brightness 
was so great that the backscattered electron signal signal from the 
picture elements on the bottom of the pores exceeded the threshold and 
caused the pores to be included as part of the larger mineral particle. 
The preferred method of dealing with porosity would be to improve the 
thresholding procedure in hardware or software so that pores are treated 
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properly and excluded from the particle area. A less-preferred approach 
would be to assign a reduced apparent density to certain classes of 
pyrite to account for the porosity. 
A reduction in density from 5.0 g/cc to 3.5 g/cc would correct for 
virtually all of the overestimation of pyrite observed in this study. In 
view of the porosity of large pyrite, Huggins' correction factor of 0.75 
might be better considered a correction factor for the porosity of 
pyrite, rather than for the brightness of pyrite. As such a density 
correction, it would be better to use the correction factor only on those 
pyrite particles that need it. A preliminary test using densities of 5.0 
g/cc for particles smaller than 7 ym, 4.0 g/cc for particles between 7 ym 
and 21 um, and 3.0 g/cc for particles larger than 21 ym would result in a 
decrease in the AIA pyritic sulfur estimate from 3.13% to 2.51% for the 
200 mesh Illinois No. 6 raw coal (i.e., an overall correction factor of 
0.80). For comparison, the ASTM pyritic sulfur estimate for the same 
sample was 2.37%. Further research is necessary to determine the 
apparent density of large particles of pyrite as a function of size and 
for several coals before attempting to apply such a correction to the AIA 
results. 
Analysis of standard samples Analyses were performed on 
specially prepared standards to confirm the effect of signal brightness 
and pyrite density on AIA results. Pellets of ferrous sulfide (FeS), 
quartz (Si02) and calcite (CaCOj) in three size distributions were 
prepared in a known weight proportion (25:45:30 ratio) and analyzed by 
AIA. AIA results for all size distributions showed no overestimation due 
to the great brightness of the ferrous sulfide. The measured iron 
sulfide content ranged from 22-26%. The minerals used for the standards 
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shoved no porosity, and therefore the densities of the phases were not in 
question as is the density of pyrite in coal. Analyses of the standards 
appeared to verify AIA as a quantitative analytical technique. 
Errors in ASTM analyses AIA was applied to residues of the ASTM 
nitric acid leach to determine residual pyrite content. Samples of raw 
and cleaned Pittsburgh coal and a sample of Illinois No. 6 coal were 
subjected to hot and cold nitric acid leaching according to ASTM 
specifications. Although the leaching step was intended to dissolve all 
of the pyrite, AIA found more than 0.1% pyritic sulfur in four of the 
six leached samples examined. All three samples leached with cold 
nitric acid and the sample of Illinois No. 6 coal subjected to the hot 
nitric acid leach showed more than 0.1% residual pyritic sulfur. The 
residual sulfur was within the limits of reproducibility (±0.3%) allowed 
for pyritic sulfur determinations, but does indicate a systematic error 
of underestimation in the ASTM pyritic sulfur determinations. The AIA 
results suggest that ASTM analyses are not adequate for cleaned coals 
where only small amounts of pyrite remain, and where the remaining pyrite 
is more likely to be encapsulated by coal. The large ratio of residual 
pyrite to dissolved pyrite also represents a very large relative error 
for the cleaned coals. Since AIA does not involve a leaching step and is 
not hindered by encapsulated pyrite, AIA appears to be a preferable 
technique for characterizing cleaned coals. 
Comparison with X-ray diffraction analyses 
X-ray diffraction was used to analyse the low temperature ashes for 
seven of the eight samples from the physical cleaning study. The XRD 
results were affected by a large amount of unassigned minerals. It 
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appeared that XRD results should be considered only lover limits of the 
mineral matter concentrations because of the technique used to extract 
the concentration values and the large amount of "unassigned" material 
that was reported. XRD consistently reported lower estimates of 
kaolinite and quartz contents than did AIA results. However, XRD did 
report higher pyrite analyses than did AIA or ASTM. In view of the 
apparent AIA overestimation of pyritic sulfur, there appears to be an 
error in the XRD technique. 
Therefore, XRD diffraction was able to provide only minimal 
corroboration of the AIA results. It can be said that AIA results do 
not appear to be significantly underestimating the content of any mineral 
phases. 
Comparison with Fourier transform infra-red analyses 
Samples of raw and chemically-processed Illinois No. 6 coal were 
analyzed by PTIR for mineral distribution. FTIR results were within 20% 
of the AIA results and the differences were comparable to the AIA 
precision limits for analyses of the raw coal. The FTIR configuration 
used for the mineral analyses was not able to estimate pyrite content, 
and pyrite was lumped with other unidentified mineral phases. FTIR was 
able to identify only 14% of the mineral matter in the chemically-treated 
coal, compared to identification of 59% of the mineral matter by AIA. 
Summary of comparisons of AIA with other techniques 
AIA was found to be applicable to analysis of coal minerals. There 
appears to be no reason why AIA must systematically overestimate pyrite 
content. Analyses do need to be designed to characterize an adequate 
number of particles in each size range for reproducible results, and 
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efforts need to be made to avoid preferential settling of minerals during 
sample preparation so that these manageable factors do not influence the 
results. The great brightness of the pyrite particles also does not 
appear to be responsible for the majority of the overestimation of 
pyrite. The increase in measured particle area due to the brightness of 
the pyrite particles probably accounts for less than 20% of the observed 
overestimation of pyrite content. 
The biggest reason for the overestimation in the pyrite content was 
traced to the selection of an appropriate density value for large 
particles of pyrite. Significant porosity was observed for a few large 
grains of pyrite indicating that choice of an appropriate density would 
greatly improve agreement between AIÂ and ÂSTH estimates of pyritic 
sulfur. Otherwise, the AIA thresholding approach needs to be improved to 
properly handle porosity. In this sense, the brightness of the pyrite 
particles does cause inflation of the pyrite content by obscuring the 
porosity. Â modified thresholding approach or reduced densities for 
pyrite might eliminate 100% of the problem of pyrite overestimation. 
For both series of cleaned coals, AIA was able to provide more 
detailed information and better estimates of the mineral matter content 
than was available by X-ray diffraction or FTIR. Samples of clean coal 
had been analyzed by FTIR and XRD following pre-concentration by low 
temperature ashing. However, much of the mineral matter could not be 
identified with certainty due to the small amounts present and/or the 
altered chemistry the remaining material. It was not possible for either 
XRD or FTIR to provide any size information about the processed coals. 
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Suggestions for Future Work 
AIA, as described in this dissertation, has definite potential at 
its current state of development. But, as with all techniques, there is 
room for improvement. The following areas are suggested as particular 
areas of need. 
Techniques for working with polyethylene or other low atomic number 
factor polymers are needed in order to provide contrast between the 
mounting media éind coal particles. Further research might also be 
worthwhile in the area of doping coal with elements heavier than carbon 
to produce contrast with epoxy. 
More work is needed on developing a means to account for porosity in 
large particles of pyrite. The preferred approach would be to use 
multiple thresholds or local thresholding to detect pores and to exclude 
them from the particle area. Improved thresholding would also eliminate 
the effect that area enlargement from the compromise threshold setting 
has on inflating the pyrite content. 
In lieu of improved thresholding, it may be possible to find a 
certain combination of parameters that may be correlated with porosity, 
so that multiple chemical categories of pyrite might be defined with the 
proper densities. Detailed characterization of pyrite for a wide range 
of coals is necessary before seriously implementing this approach. 
Further analyses need to be performed using well-characterized, 
dense minerals as known additions to coal samples to verify AIA results. 
The porosity of pyrite appears to indicate that there is no need for 
empirical correction factors to adjust AIA results. Therefore, AIA needs 
to be tested on well-characterized test samples to prove that it can 
produce accurate results. Huggins and co-workers performed a comparative 
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analysis (1980), but they did not describe the source of the pyrite or 
siderite used in those tests. The samples with added pyrite were subject 
to the same pyritic sulfur overestimation as samples without the added 
pyrite. The minerals employed for such tests should have minimal 
porosity so that there is no question regarding the density value to be 
used in the chemistry file. 
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APPENDIX A; INITIAL AIA OF MINERAL DISTRIBUTIONS IN COAL 
The following section reviews the application of SEM-based AIA to 
the analysis of coal mineralogies by Huggins and co-workers at U. S. 
Steel Research (Lee et al., 1978; Huggins et al., 1980; Huggins et al., 
1982). Results are reported for several coals of varied location and 
rank and ash content. Most of the results are confined to the mineral 
distributions expressed as weight fraction of mineral matter or dry coal. 
Significant results are reproduced below and discussed. 
Little data were included in the cited publications which may be 
used to infer the distribution of mineral mass with size. Plots of 
weight versus size are more informative for evaluation of the cleaning 
potential of coals owing to the greater weight of the large mineral 
particles. Frequency versus size plots can be misleading in this regard. 
On the other hand, frequency versus size plots are appropriate for some 
problems. One figure was included in the 1982 paper which plots the 
frequency versus particle size for iron-bearing minerals in a coal seam 
near an outcrop. The example is given to show the transformation of 
pyrite to sulfate and oxide and oxy-hydroxide minerals of approximately 
equal size with weathering. The size distributions are comparable as 
presented. Figure 5 in Lee et al. (1978) presents frequency versus size 
plots for pyrite in three bituminous coals. The figures do show 
differences in the size distribution based on frequency. 
The three coals in that figure had been crushed to less than 150 wm 
in diameter, but no pyrite particles were indicated larger than 10 ym in 
diameter. This finding is at odds with this author's findings for coals 
of comparable and smaller size. As to be discussed in the section on 
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particle counting statistics, this author found that even coals crushed 
to 80% less than 200 mesh (74 p>m) top size had mineral particles present 
larger than 150 pm that contributed significantly to the weight 
distributions. The figures by Lee also show very limited counts in the 
larger size ranges that were reported. Only eight particles larger than 
3 ym were indicated out of a total of 83 pyrite particles measured for an 
Illinois No. 6 coal. Such counts are grossly inadequate for reproducible 
size analyses. The authors acknowledge the limitations of such work in 
later papers. 
The size categories listed in the 1982 paper list 50 pm as the lover 
limit of the largest size category. Such categories were used for the 
analysis of 60 mesh coal (< 246 ym). The size cutoff of 50 ym seems 
inadequate in view of such a large potential particle size. 
AIA results were presented for analyses of four washed, bituminous 
coals by Lee et al. (1978). Those results are reproduced here as Table 
Â-1. Problems were inherent in the analyses since only the first 1000 
mineral particles were analyzed. Therefore, the analysis was dominated 
by small particles, and there was much uncertainty in the count for large 
particles. As Huggins et al. (1980) point out, the calculation of weight 
fraction from particle count for that study appears to have been in 
error. They make reference to the earlier work where the cube of the 
diameter was used to estimate a volume for each particle, which was then 
weighted according to density and was used in the weight fraction 
calculations. Such a conversion is appropriate for analysis of particles 
mounted on the surface of a stub for SEM analysis, but not for analysis 
of particles embedded and cross-sectioned. For analyses of cross 
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Table A-1. AIA results for minerai groups in coal. Summarized from 
Tables 1, 3, and 4 from Lee, Huggins, and Huffman (1978) 
111. No. 6 Pittsburgh Pocahontas Gholson 
Mineral Seam, IL Seam, PA Seam, WV Seam, AL 
Carbonates 0 6 5 11 
Pyrite 15 26 2 2 
Sulfate 1 6 2 <1 
Quartz 31 26 13 18 
Kaolinite 40 17 37 5 
Illite 12 13 24 2 
Chlorite 0 3 13 1 
Other 0 0 3 0 
Total 99 97 99 100 
Vt. % Ash 8.7 6.8 6.4 3.4 
Wt. % Total S 2.13 1.21 0.61 0.61 
sections, the projected areas of the particles should be weighted by the 
density and used in the weight calculations. 
Huggins et al. (1980) corrected the errors in the earlier approach 
and used AIA to determine size and mineral distributions for three 
additional coal samples (Table A-2). In this case, the analysis was 
partitioned with about 200 particles analyzed for each of five size 
categories. Results for the size categories were combined on the basis 
of the area analyzed to present results on a consistent basis. The 
results included estimates of measurement error calculated from the 
particle count. The authors indicate that the number is presented as a 
working estimate of the error. Elsewhere in the paper (page 534), they 
state that the standard deviation arising from counting statistics alone 
is about half of the standard deviation for the measurement. Additional 
error would result from variations in sampling and other effects. 
Therefore, the factor of three applied to the counting error seems a 
reasonable factor to apply to arrive at a working error estimate. 
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Table A-2. Three examples of coal mineralogies determined by SEM-AIA. 
Data from Table 2 of Huggins et al. (1980) 
Wt.% Minerals® 
(total minerals = 100%) 
Minerals 
B seam, 
CO 
Pittsburgh 
Seam, PA 
Anthracite 
MA 
Quartz 
Kaolinite 
Illite 
Chlorite 
Montmorillonite 
Mixed Silicates 
Pyrite 
Siderite 
Calcite 
Ankerite 
Others 
Unknown 
Coal Data 
Wt.% Ash^ 
Wt.% Sulfur" 
Wt.% Carbon^ 
% AVR° 
30+5 
21+5 
tr 
12+3 
21+4 
tr 
5+3 
5+2 
tr 
2+2 
4+2 
8.8  
0.73 
82.9 
0.75 
15+3 
16T3 
9+2 
1+1 
6T2 
34+7 
tr 
9+3 
5+2 
6T2 
8.5 
3.08 
84.3 
0.81 
32+6 
tr 
24+4 
8+2 
tr 
9+2 
3+2 
l7l 
7+3 
9+3 
2Ï2 
5+2 
18.6 
0.31 
96.9 
6.27 
^Errors given represent 3/N/N where N is the number of times the 
phase is observed in analysis. 
^Dry coal basis. 
^Dry, ash-free coal basis, from ultimate analysis. 
^Percent average vltrlnite reflectance; a pétrographie measure of 
coal rank determined microscopically on polished section. 
In Table A-2 above, their footnote "a" is in error. It should read 
"Errors given represent (3/k/N)"mean, where N is the number of times the 
phase is observed in analysis." 
The working error listed is on the order of 20% relative for the 
largest weight fractions. An absolute error of 6% for the quartz, which 
comprises 32% of the mineral matter in the Massachusetts anthracite, 
translates to a relative error of 18.8% 6%/32%), which translates to a 
count of 256 features (i.e., 1005'3/N/N = 100%*6%/32% = 18.8% for N=256). 
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Since those 256 features comprise 32% of the mineral matter, it is 
implied that 800 features were analyzed overall. The description of the 
methodology states that the analysis is typically conducted for 1024 
particles, which would be consistent with the above calculations. Such a 
total number of counts results in statistics comparable to early phases 
of this author's work, and suggests a limitation of the reliability of 
the measured size distributions. 
Huggins et al. (1980) also reported application to three pairs of 
raw and washed coal samples (Table A-3). Data were expressed on a dry 
coal basis to allow comparison of mineral contents before and after 
cleaning. 
Table A-3. Weight percentages of principal minerals in raw and washed 
coals. Data from Table 5 of Huggins et al. (1980) 
Pittsburgh Harlan Mary Lee 
Seam Seam, KY Seam, AL 
Raw Wash Raw Wash Raw Wash 
% Ash 30.9 10.7 2Î79 4.8 35.2 9.1 
Wt.% Min. a  
Quartz 7.4 1.7 3.7 0.2 9.1 0.9 
Kaolinite 1.8 2.0 1.3 1.2 2.1 2.4 
Illite 6.8 1.4 4.8 0.8 11.6 2.0 
Mix. Sil. 10.5 2.0 7.4 1.4 9.9 2.4 
Pyrite 2.2 2.3 3.1 0.9 0.5 <0.1 
Siderite 0.3 0.4 —  — —  0.7 0.6 
Calcite 1.8 0.5 1.1 0.3 0.7 0.7 
®As wt.% coal - from wt.% of mineral in mineral matter times wt. 
fraction ash in coal. 
Huggins et al. (1982) describe application of AIA and Mossbauer 
spectroscopy to nine coal samples (Tables A-4 and A-5). AIA was used to 
determine the mineral distributions and Mossbauer spectroscopy was used 
to determine the distribution of iron among the iron-bearing minerals. 
282 
Table Â-4. AIA and Mossbauer mineralogical analyses of selected U. S. 
coals. Data from Table 4 of Huggins et al. (1982) 
Coal (Seam, County, State, Rank) 
Fust Rosebud D Seam Gholson Pratt 
Dawson, Rosebud, Gunnison, Shelby, Jefferson, 
MT Lignite HT Sbb CO HVbb AL HVab ÂL HVb 
% Fe  in;® 
Pyrite 100 65 15 16 45 
Siderite — — 78 79 17 
Clay - - - 5 27 
Jarosite — 16 7 — 11 
Other" 
-
19-ra 
- - -
SEM-AIA, wt.%* 
Quartz 16 24 8 3 7 
Kaolinite 38 40 29 1 20 
Illite tr 1 1 1 32 
Chlorite — — tr 2 1 
Montmorilloni te — 1 15 — tr 
Mixed silicate 2 6 17 7 10 
Pyrite 4 6 1 5 11 
Fe-rich — 1 4 37 4 
Calcite yd 8 6 28 4 
Ankerite 1 - tr 7 tr 
Gypsum - 1 - - -
Jarosite - tr tr tr tr 
Fe-sulfate - 2 - tr 1 
Rutile tr - tr tr 1 
Apatite - 1 1 - 1 
Barite 8 2 - - -
Sil/sul tr 1 2 - -
5il/pyr — 1 - tr 1 
Others^ 4. 1 2 4 3 
Unknown 20° 4 14 5 4 
®tr - < 0.5 wt.% for SEM-AIA; tr - < 2% of total Fe for Mossbauer. 
^Minerals indicated are; m-melanterite, a-ankerite, i-iron metal. 
^Other mixed categories, for the most part. 
^Mostly Ca-rich minerals. 
Examination of the entire set of AIA results from Lee and Huggins 
(Tables A-1 through A-5) shows similar mineralogies to those reported in 
this thesis. Quartz, kaolinite, illite, pyrite, and sometimes the 
carbonates were found to be major mineral constituents. Great 
variability was observed in the abundances of the minerals among 
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Table A-5. AIA and Mossbauer mîneralogical analyses of selected U. S. 
coals. Data from Table 4 of Huggins et al. (1982) 
Coal (Seam, County, State, Rank) 
Herrin #6 Pocahontas #3 No. 8 Seam "Anthracite" 
, IL Wyoming, WV , PA Bristol, MA 
HVcb LVb Anthracite Anthracite 
% Fe in;® 
Pyrite 93 19 78 16 
Siderite - 20 12 9 
Clay tr 58 7 41 
Jarosite 4 4 3 -
Other" tr-m - - 31-a 
Other - - - 4-i 
SEH-AIA, wt.%* 
Quartz 15 10 9 32 
Kaolinite 5 26 5 tr 
Illite 5 13 29 24 
Chlorite tr 7 tr 8 
Montmorillonite 1 1 tr — 
Mixed silicate 25 20 21 10 
Pyrite 27 2 23 3 
Fe-rich tr 3 2 2 
Calcite 6 4 1 6 
Ankeri te — tr tr 9 
Gypsum tr tr - -
Jarosite - tr tr — 
Fe-sulfate 1 — 1 — 
Rutile — 1 - — 
Apatite - tr - tr 
Barite — — - — 
Sil/sul 7 1 1 tr 
Sil/pyr 2 1 tr tr 
Others^ 4 1 5 1 
Unknown 2 10 4 5 
^tr - < 0.5 wt.% for SEM-AIA; tr - < 2% of total Fe for Mossbauer. 
^Minerals indicated are: m-melanterite, a-ankerite, i-iron metal. 
^Other mixed categories, for the most part. 
different coals. Measurable amounts of iron-rich material vas found. 
For example, Mossbauer confirmed the presence of siderite as the 
significant iron-bearing phase in the Gholson coal (Table Â-4). 
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Significant amounts of unknown mineral particles were encountered 
that could not be classified by the chemistry definition file. Also, 
significant amounts of mixed silicates were observed. Up to 25% of the 
mineral matter was found to be mixed silicates in the case of the 
Illinois No. 6 coal. Such large amounts of mixed silicates would appear 
to indicate a need for revision of the chemistry definition file. Such 
large amounts of silicates were not observed for raw coals in the present 
work. 
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APPENDIX B: EXAMPLE CHEMISTRY DEFINITION FILES 
This appendix contains the chemistry definition file used to 
characterize mineral particles in this work. The chemistry definition 
file used by researchers as U. S. Steel Research is also included. 
Table B-1. Chemistry specifications used for classification of coal 
minerals. The table is copied from the output of the LeMont 
Scientific software. Additional comments are introduced 
where appropriate 
CHEMISTRY FILE LABEL: 
EXP4 MINERALS WITH SULFATE 6-25-85 16:00 (40 character descrxpter) 
NUMBER OF ELEMENTS MONITORED = 20 (by the energy-dispersive analyzer) 
NUMBER OF EDS ROI'S = 60 (peak and background regions of 
interest) 
SQUARE ROOTS FOR EDS THRESHOLD = 2.0 (used for determining significant 
X-ray peaks. Peak is significant 
if peak > bkgd + factor*/bkgd 
EDS ELECTRON VOLTS PER CHANNEL = 10 (energy calibration) 
EDS MAXIMUM CHANNEL NUMBER = 0 (not used) 
ELEMENT ASSIGNMENT TO XRAY ANALYZERS 
ENERGY DISP. SPECTROMETER ROI'S IN KEV 
PRESET * BKGD * ELEMENT * 
ELE.ID HEX.TYPE^ NAME INTEGRAL® * ENERGIES * ENERGIES * 
1 80000000 NA O.OOE-01 0.92- 1.16* 0.93- 1.15* 
2 40000000 MG O.OOE-01 1.16- 1.36* 1.17- 1.35* 
3 20000000 AL O.OOE-01 1.39- 1.59* 1.40- 1.58* 
4 10000000 SI O.OOE-01 1.64- 1.84* 1.65- 1.83* 
5 08000000 P O.OOE-01 1.91- 2.12* 1.92- 2.11* 
6 04000000 S 0.002=01 2 = 20- 2,41* 2.21- 2.40* 
7 02000000 CL O.OOE-01 2.51- 2.75* 2.52- 2.74* 
8 01000000 K O.OOE-01 3.21- 3.43* 3.22- 3.42* 
9 00800000 SN O.OOE-01 3.33- 3.54* 3.34- 3.53* 
10 00400000 CA O.OOE-01 3.59- 3.80* 3.60- 3.79* 
11 00200000 TI O.OOE-01 4.39- 4.61* 4.40- 4.60* 
12 00100000 V O.OOE-01 4.83- 5.06* 4.84- 5.05* 
13 00080000 CR O.OOE-01 5.30- 5.53* 5.31- 5.52* 
14 00040000 MN O.OOE-01 5.78- 6.02* 5.79- 6.01* 
15 00020000 FE O.OOE-01 6.27- 6.52* 6.28- 6.51* 
16 00010000 CO O.OOE-01 6.78- 7.06* 6.79- 7.05* 
17 00008000 NI O.OOE-01 7.32- 7.61* 7.33- 7.60* 
18 00004000 eu O.OOE-01 7.89- 8.18* 7.90- 8.17* 
19 00002000 ZN O.OOE-Ol 8.48- 8.77* 8.49- 8.76* 
20 00001000 PB O.OOE-01 12.41- 12.80* 12.42- 12.79* 
^Not used in current work. 
"Used for halting X-ray acquisition at a preset count limit. Not 
used in the current work. 
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Table B-1 (continued). 
*********************************************************************** 
NO/LOW XRÀ7 IS MACRO CLASS 1 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
TOT. NET COUNT LIMIT O.OOOE-01 5.000E+02 1000 
SPECIFIC GRAVITY = 1.300 
*********************************************************************** 
FE-SULFATE IS MACRO CLASS 2 
S 
FE 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
FRACTION OF XRAY COUNT 0.100 
FRACTION OF XRAY COUNT 0.100 
OTHER ELEMENT FRACTIONS: 0.000 
i.e.;NAMGALSI PCL KSNCATI VCRMNCONICUZNPB 
RATIO REQUIREMENT: 0.525 
NUM:NET COUNTS:FE 
DEN:NET COUNTS:FE S 
0.800 
0.900 
0.125 
1.000 
1000 
1000 
1000 
1000 
SPECIFIC GRAVITY = 3.000 
*********************************************************************** 
PYRITE IS MACRO CLASS 3 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
S FRACTION OF XRAY COUNT 0.100 
FE FRACTION OF XRAY COUNT 0.100 
OTHER ELEMENT FRACTIONS: 0.000 
i.e.;NAMGALSI PCL KSNCATI VCRMNCONICUZNPB 
RATIO REQUIREMENT: 0.200 
NuMiNET COUNTS:FE 
DEN:NET COUNTS:FE S 
0.800 
0.800 
0.125 
0.525 
1000 
1000 
1000 
1000 
SPECIFIC GRAVITY = 5.000 
*********************************************************************** 
PYRITE+MISC. IS MACRO CLASS 4 
SPECIFICATION TYPE 
FE FRACTION OF XRAY COUNT 
S FRACTION OF XRAY COUNT 
RATIO REQUIREMENT: 
NUMzNET COUNTS:FE 
DEN:NET COUNTS:FE S 
RATIO REQUIREMENT: 
NUMzNET COUNTS:FES 
LOWER LIMIT UPPER LIMIT (WEIGHTING) 
0.020 
0.020 
0.200 
0.500 
0.800 
0.800 
0.800 
1.000 
1000 
1000 
1000 
1000 
DENzNET COUNTSzNAMGALSI P SCL KSNCATI VCRMNFECONICUZNPB 
SPECIFIC GRAVITY 2.800 
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Table B-1 (continued). 
PYRITE & CLAY IS SUBCLASS 1 OF PYRITE+MISC. 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
AL FRACTION OF XRAY COUNT 0.020 0.500 1000 
SI FRACTION OF XRAY COUNT 0.020 0.500 1000 
RATIO REQUIREMENT: 0.200 2.000 1000 
NUH:NET COUNTS:AL 
DEN:NET COUNTS:SI 
RATIO REQUIREMENT; 0.125 1.000 1000 
NUM:NET COUNTS:ALSI 
DEN;NET COUNTS;NAMGALSI P SCL KSNCATI VCRMNFECONICUZNPB 
SPECIFIC GRAVITY S 2.800 
PYRITE+QUARTZ IS SUBCLASS 2 OF PYRITE+MISC. 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
SI FRACTION OF XRAY COUNT 0.125 
FE FRACTION OF XRAY COUNT 0.010 
S FRACTION OF XRAY COUNT 0.010 
OTHER ELEMENT FRACTIONS: 0.000 
i.e.;NAMGAL PCL KSNCATI VCRMNCONICUZNPB 
0.500 
0.800 
0.800 
0.125 
1000 
1000 
1000 
1000 
SPECIFIC GRAVITY = 2.800 
PYRITE+CALCITE IS SUBCLASS 3 OF PYRITE+MISC. 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
CA FRACTION OF XRAY COUNT 
FE FRACTION OF XRAY COUNT 
S FRACTION OF XRAY COUNT 
OTHER ELEMENT FRACTIONS; 
0.125 
0.010 
0.010 
0.000 
0 = 500 
0.800 
0.800 
0.125 
1000 
1000 
1000 
1000 
i.e.;NAMGALSI PCL KSNTI VCRMNCONICUZNPB 
SPECIFIC GRAVITY = 2.800 
OTHER SUBCLASSES WILL BE AUTOMATICALLY CREATED AS REQUIRED 
*********************************************************************** 
KAOLINITE IS MACRO CLASS 5 
SPECIFICATION TYPE 
AL FRACTION OF XRAY COUNT 
SI FRACTION OF XRAY COUNT 
K FRACTION OF XRAY COUNT 
FE FRACTION OF XRAY COUNT 
CA FRACTION OF XRAY COUNT 
NA FRACTION OF XRAY COUNT 
LOWER LIMIT UPPER LIMIT (WEIGHTING) 
0.125 
0.150 
0.000 
0.000 
0.000 
0.000 
0.800 
0.850 
0.050 
0.050 
0.050 
0.050 
1000 
1000 
1000 
1000 
1000 
1000 
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Table B-1 (continued). 
FRACTION OF XRAY COUNT 0.000 
RATIO REQUIREMENT: 0.170 
NUM:NET COUNTS:AL 
DEN:NET COUNTS:SI 
OTHER ELEMENT FRACTIONS: 0.000 
i.e.jMG PCLSNTI VCRMNCONICUZNPB 
0.400 
1.500 
0.125 
2.650 
1000 
1000 
1000 
SPECIFIC GRAVITY 
*********************************************************************** 
ILLITE IS MACRO CLASS 6 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
AL FRACTION OF XRAY COUNT 0.125 
SI FRACTION OF XRAY COUNT 0.200 
K FRACTION OF XRAY COUNT 0.050 
FE FRACTION OF XRAY COUNT 0.000 
TI FRACTION OF XRAY COUNT 0.000 
NA FRACTION OF XRAY COUNT 0.000 
S FRACTION OF XRAY COUNT 0.000 
OTHER ELEMENT FRACTIONS: 0.000 
i.e.;MG PCLSNCA VCRMNCONICUZNPB 
OTHER ELEMENT FRACTIONS: 0.000 
i.e.;MG PCLSNCA VCRMNCONICUZNPB 
SPECIFIC GRAVITY 
0.800 
0.850 
0.350 
0.250 
0.200 
0.200 
0.400 
0.125 
0.050 
2.750 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
400 
ILLITE (K,FE) IS SUBCLASS 1 OF ILLITE 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
0.000 0.125 1000 RATIO REQUIREMENT: 
NUM:MCT COUNTS:S CA 
DEN:NET COUNTS;NAMGALSI P SCL KSNCATI VCRMNFECONICUZNPB 
SPECIFIC GRAVITY = 2.750 
ILLITE+PYRITE IS SUBCLASS 2 OF ILLITE 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
FE FRACTION OF XRAY COUNT 0.010 0.500 1000 
S FRACTION OF XRAY COUNT 0.010 0.500 1000 
RATIO REQUIREMENT; 0.125 0.500 1000 
NUMsNET COUNTS:FES 
DEN;NET COUNTS:NAMGALSI P SCL KSNCATI VCRMNFECONICUZNPB 
SPECIFIC GRAVITY 3.000 
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Table B-1 (continued). 
ILLITE (K,S) IS SUBCLASS 3 OF ILLITE 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
S FRACTION OF XRAY COUNT 0.050 0.400 1000 
SPECIFIC GRAVITY 2.750 
OTHER SUBCLASSES WILL BE AUTOMATICALLY CREATED AS REQUIRED 
*********************************************************************** 
MONTMORILLCNIT IS MACRO CLASS 7 
SPECIFICATION TYPE 
AL FRACTION OF XRAY COUNT 
SI FRACTION OF XRAY COUNT 
NA FRACTION OF XRAY COUNT 
CA FRACTION OF XRAY COUNT 
RATIO REQUIREMENT: 
NUM:NET COUNTS:NACA 
DEN:NET COUNTS:NAMGALSI 
S FRACTION OF XRAY COUNT 
OTHER ELEMENT FRACTIONS: 
LOWER LIMIT UPPER LIMIT (WEIGHTING) 
0.070 
0.100 
0.000 
0.000 
0.050 
SCL KSNCATI 
0.000 
0.000 
0.750 
0.800 
0.300 
0.300 
0.300 
1000 
1000 
1000 
1000 
1000 
VCRMNFECONICUZNPB 
0.400 1000 
0.100 1000 
i.e.;MG PCL KSNTI VCRMNFECONICUZNPB 
SPECIFIC GRAVITY = 2.300 
A*****************************#**************************************** 
CHLORITE IS MACRO CLASS 8 
SPECIFICATION TYPE 
AL FRACTION OF XRAY COUNT 
SI FRACTION OF XRAY COUNT 
MG FRACTION OF XRAY COUNT 
FE FRACTION OF XRAY COUNT 
RATIO REQUIREMENT: 
NUN:NET COUNTS:MGFE 
DEN:NET COUNTS:NAMGALSI 
S FRACTION OF XRAY COUNT 
OTHER ELEMENT FRACTIONS: 
LOWER LIMIT UPPER LIMIT (WEIGHTING) 
0.070 
0.100 
0.000 
0.000 
0.050 
0.750 
0 = 800 
0.300 
0.300 
0.300 
1000 
1000 
1000 
1000 
1000 
P SCL KSNCATI VCRMNFECONICUZNPB 
0.000 
0.000 
0.010 
0.125 
1000 
1000 
i.e.;NA PCL KSNCATI VCRMNCONICUZNPB 
SPECIFIC GRAVITY = 3.000 
*********************************************************************** 
MIXED CLAY IS MACRO CLASS 9 
AL 
SI 
SPECIFICATION TYPE 
FRACTION OF- XRAY COUNT 
FRACTION OF XRAY COUNT 
LOWER LIMIT UPPER LIMIT (WEIGHTING) 
0.070 
0.150 
0.700 
0.800 
1000 
1000 
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Table B-1 (continued). 
RATIO REQUIREMENT: 0.500 1.000 1000 
NUMrNET COUNTS:ALSI 
DEN:NET COUNTS:NAMGALSI P SCL KSNCATI VCRMNFECONICUZNPB 
SPECIFIC GRAVITY = 2.600 
CLAY+PYRITE IS SUBCLASS 1 OF MIXED CLAY 
SPECIFICATION TYPE L 
FE FRACTION OF XRAY COUNT 
S FRACTION OF XRAY COUNT 
RATIO REQUIREMENT: 
NUM:NET COUNTS:FES 
DEN:NET COUNTS:NAMGALSI P 
SPECIFIC GRAVITY = 2.600 
OTHER SUBCLASSES WILL BE AUTOMATICALLY CREATED AS REQUIRED 
*********************************************************************** 
QUARTZ IS MACRO CLASS 10 
OWER LIMIT UPPER LIMIT (WEIGHTING) 
0.050 0.500 1000 
0.050 0.500 1000 
0.125 0.500 1000 
SCL KSNCATI VCRMNFECONICUZNPB 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
SI FRACTION OF XRAY COUNT 
S FRACTION OF XRAY COUNT 
FE FRACTION OF XRAY COUNT 
OTHER ELEMENT FRACTIONS: 
0.500 
0.000 
0.000 
0.000 
i.e.;NAMGAL PCL KSNCATI VCRMNCONICUZNPB 
SPECIFIC GRAVITY 
1.000 
0.400 
0.400 
0.250 
1000 
1000 
1000 
1000 
2.650 
UUAKi/. uNux 1 OF QUARTZ 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
SI FRACTION OF XRAY COUNT 0.875 1.000 
OTHER ELEMENT FRACTIONS: 0.000 0.125 
i.e.;NAMGAL P SCL KSNCATI VCRMNFECONICUZNPB 
2.650 
1000 
1000 
SPECIFIC GRAVITY 
QUARTZ+PYRITE IS SUBCLASS 2 OF QUARTZ 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
FE FRACTION OF XRAY COUNT 0.030 0.500 1000 
S FRACTION OF XRAY COUNT 0.030 0.500 1000 
RATIO REQUIREMENT: 0.125 0.500 1000 
NUM;NET COUNTS;FES 
DEN:NET COUNTS:NAMGALSI P SCL KSNCATI VCRMNFECONICUZNPB 
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Table B-1 (continued). 
SPECIFIC GRAVITY = 3.000 
QUARTZ + S IS SUBCLASS 3 OF QUARTZ 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT 
S FRACTION OF XRAY COUNT 0.050 0.500 
SPECIFIC GRAVITY = 3.000 
QUARTZ + K IS SUBCLASS 4 OF QUARTZ 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
(WEIGHTING) 
1000 
SI FRACTION OF XRAY COUNT 0.500 1.000 1000 
K FRACTION OF XRAY COUNT 0.125 1.000 1000 
OTHER ELEMENT FRACTIONS: 0.000 0.125 1000 
i.e.;NAMGAL P SCLSNCATI VCRMNFECONICUZNPB 
OTHER SUBCLASSES WILL BE AUTOMATICALLY CREATED AS REQUIRED 
*********************************************************************** 
GYPSUM IS MACRO CLASS 11 
SPECIFICATION TYPE 
CA FRACTION OF XRAY COUNT 
S FRACTION OF XRAY COUNT 
OTHER ELEMENT FRACTIONS: 
LOWER LIMIT UPPER LIMIT (WEIGHTING) 
0.200 
0.200 
0.000 
1.000 
0.800 
0.125 
1000 
1000 
1000 
i.e.;NAMGALSI PCL KSNTI VCRMNFECONICUZNPB 
SPECIFIC GRAVITY = 2.300 
*********************************************************************** 
APATITE IS MACRO CLASS 12 
SPECIFICATION TYPE 
CA FRACTION OF XRAY COUNT 
P FRACTION OF XRAY COUNT 
S FRACTION OF XRAY COUNT 
OTHER ELEMENT FRACTIONS: 
LOWER LIMIT UPPER LIMIT (WEIGHTING) 
0.300 
0.125 
0.000 
0.000 
1.000 
0.700 
0.400 
0.125 
1000 
1000 
1000 
1000 
i.e.;NAMGALSICL KSNTI VCRMNFECONICUZNPB 
SPECIFIC GRAVITY = 3.200 
*********************************************************************** 
DOLOMITE IS MACRO CLASS 13 
SPECIFICATION TYPE 
CA FRACTION OF XRAY COUNT 
MG FRACTION OF XRAY COUNT 
LOWER LIMIT UPPER LIMIT (WEIGHTING) 
0.600 
0.050 
1.000 
0.600 
1000 
1000 
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Table B-1 (continued). 
S FRACTION OF XRAY COUNT 0.000 0.400 1000 
OTHER ELEMENT FRACTIONS: 0.000 0.125 1000 
i.e.;NAALSI PCL KSNTI VCRMNFECONICUZNPB 
SPECIFIC GRAVITY = 2.900 
*********************************************************************** 
CALCITE IS MACRO CLASS 14 
SPECIFICATION TYPE 
CA FRACTION OF XRAY COUNT 
S FRACTION OF XRAY COUNT 
LOWER LIMIT UPPER LIMIT (WEIGHTING) 
0.500 
0.000 
1.000 
0.200 
1000 
1000 
SPECIFIC GRAVITY = 2.800 
*********************************************************************** 
FE-RICH IS MACRO CLASS 15 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
FE FRACTION OF XRAY COUNT 
OTHER ELEMENT FRACTIONS: 
i.e.;NAHGALSI 
OTHER ELEMENT 
i.e.;NAMGALSI 
0.500 
0.000 
P SCL KSNCATI VCRMNCONICUZNPB 
FRACTIONS; 0.000 
P SCL KSNCATI VCRMNCONICUZNPB 
SPECIFIC GRAVITY 
1.000 
0.300 
0.125 
3.000 
1000 
1000 
400 
FE WITH S IS SUBCLASS 1 OF FE-RICH 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
FE FRACTION OF XRAY COUNT 
S FRACTION OF XRAY COUNT 
0.500 
0.060 
OTHER ELEMENT FRACTIONS: 0.000 
i.e.;NAMGALSI PCL KSNCATI VCRMNCONICUZNPB 
SPECIFIC GRAVITY 
1.000 
0.500 
0.125 
3.000 
1000 
1000 
1000 
FE + CLAY IS SUBCLASS 2 OF FE-RICH 
SPECIFICATION TYPE 
FE FRACTION OF XRAY COUNT 
AL FRACTION OF XRAY COUNT 
SI FRACTION OF XRAY COUNT 
OTHER ELEMENT FRACTIONS; 
LOWER LIMIT UPPER LIMIT (WEIGHTING) 
0.500 
0.060 
0.060 
0.000 
1.000 
0.500 
0.500 
0.125 
1000 
1000 
1000 
1000 
i.e.;NAMG P SCL KSNCATI VCRMNCONICUZNPB 
SPECIFIC GRAVITY = 3.000 
OTHER SUBCLASSES WILL BE AUTOMATICALLY CREATED AS REQUIRED 
*********************************************************************** 
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Table B-1 (continued). 
SILICATES IS MACRO CLASS 16 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
SI FRACTION OF XRAY COUNT 0.400 1.000 1000 
SPECIFIC GRAVITY = 2.700 
SI-K is SUBCLASS 1 OF SILICATES 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
SI FRACTION OF XRAY COUNT 0.400 1.000 1000 
K FRACTION OF XRAY COUNT 0.200 1.000 1000 
OTHER ELEMENT FRACTIONS: 0.000 0.250 1000 
i.e.;NAMGAL P SCLSNCATI VCRMNFECONICUZNPB 
SPECIFIC GRAVITY = 2.700 
OTHER SUBCLASSES WILL BE AUTOMATICALLY CREATED AS REQUIRED 
*********************************************************************** 
MISCELLANEOUS IS MACRO CLASS 17 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
MISCELLANEOUS CLASS (NO PHYSICAL OR CHEMICAL REQUIREMENTS) 
MACRO CLASSIFICATION CANNOT PASS THIS CLASS 
SPECIFIC GRAVITY = 2.500 
AL-RICH IS SUBCLASS 1 OF MISCELLANEOUS 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
AL FRACTION OF XRAY COUNT 0.400 1.000 1000 
SPECIFIC GRAVITY = 4.000 . 
TI-RICH IS SUBCLASS 2 OP MISCELLANEOUS 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
TI FRACTION OF XRAY COUNT 0.400 1.000 1000 
SPECIFIC GRAVITY = 4.500 
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Table B-1 (continued). 
S-RICH IS SUBCLASS 3 OF MISCELLANEOUS 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
S FRACTION OF XRAY COUNT 0.400 1.000 1000 
SPECIFIC GRAVITY = 1.300 
CL-BEARING IS SUBCLASS 4 OF MÎSCÊLLÀ^ÔÛS 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
CL FRACTION OF XRAY COUNT 0.400 1.000 1000 
SPECIFIC GRAVITY = 1.300 
OTHER SUBCLASSES WILL BE AUTOMATICALLY CREATED AS REQUIRED 
17 USER DEFINED MACRO CLASSES 
3768 BYTES AVAILABLE FOR AUTOMATIC CLASSIFICATION 
CHEMISTRY DEFINITION USES 10032 BYTES OF STORAGE 
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Table B-2. Coal mineral categories used by Huggins et al. (1980) 
Name 
Quartz 
Kaolinite 
Illite^ 
Chlorite^ 
Montmorillonlte* 
Gypsum 
Sulfur 
Jarosite 
Jar/Pyr 
Pyrite 
Halite 
Sylvite 
Siderite^ 
Calcite 
Dolomite 
Ankeri te 
Rutile 
Fe Sulfate 
Apatite 
Sil/Sul 
Sil/Pyr 
Mix Sil 
Mix Sul 
Mix Chlor 
Mix Garb 
Non-int 
Unknown 
Formula/Comment 
SiOo 
Typical EDS^ percentages 
Si > 85 
Al:Si - 45:55 
Al:Si;K - 30:55:10 
Mg;Al:Si;Fe - 5:20:35:40 
Al2Si20g(0H)^ 
K(Al,Fe)4(Si,Al)g02o(OH)4 
(Fe,Mg,Al)6(Si,Al)40io(OH)g 
(Ca,Na)(Al,Mg)4(Si,Al)802o(OH)4 (Na,Ca):Al:Si - 5:25:65 
CaS04'2H20 
S 
(Na,K)Fe3(S04)2(0H)6 
Mixture of jarosite and pyrite 
FeS2 
NaCl 
KCl 
FeCOg 
CaCOg 
CaMgC003)2 
Ca(Fe,Mg)(003)2 
TiOo 
S:Ca - 45:55 
S > 70 
(Na,K):S:Fe - 10:40:45 
S:Fe ~ 65:30 
Na:Cl ~ 15:80 
C1:K -45:55 
Fe > 80 
Ca > 80 
Mg:Ca ~ 25:70 
Mg:Ca;Fe ~ 10:55:30 
Ti > 70 
S:Fe - 50:45 
P:Ca ~ 25:70 
Si,S both > 20 
Si,S > 20, 
FeS04.xH20 (x = 1, 4 or 7) 
Ca5(P04)3(0H) 
Silicate-sulfur mixture 
Silicate-pyrite mixture 
Two spare categories for special use only 
Mixed or unknown silicates 
Mixed or unknown sulfates or sulfides 
Mixed or unknown chlorides 
Mixed carbonates 
Highest peak in EDS not one monitored by computer 
EDS incompatible with any of the above groups 
^EDS — energy dispersive spectrum. 
Formula somewhat simplified. 
^Can be iron oxides or hydroxides in oxidized coals. Distinguished 
by Mossbauer spectroscopy. 
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APPENDIX C: IRON AND SULFUR RATIOS FOR AIA CHEMICAL CATEGORIES 
This appendix contains the chemistry definition file and the data 
used to establish the category limits for iron- and sulfur-bearing 
mineral particles in coal. 
A new chemistry definition file was written to provide detailed 
statistics on only the iron and sulfur-bearing particles. The file was 
used to classify mineral particles from two separate analyses of the 
Illinois No. 6 and the Pittsburgh 200x0 mesh raw coals used for the 
physical cleaning study. The first part of the chemistry file was 
identical to the chemistry file used for the AIA mineralogical analyses, 
and, therefore, is not included. The chemical definitions used to 
separate the iron and sulfur categories are presented as Table C-1. 
Three types of chemical classes were defined. A no/low X-ray class 
was defined to collect particles with insufficient X-ray counts to 
provide a reliable estimate of elemental abundance. Eleven classes 
containing more iron and sulfur, both present as more than 10% of the 
total X-ray count, were defined. The classes were defined to separate 
particles on the basis of the iron fraction of the combined iron and 
sulfur X-ray count. Classes were defined with cutoffs every 5%, ranging 
from 35% to 80%. A miscellaneous class was defined to collect all other 
particles. 
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Table C-1. Chemistry definitions used to study iron and sulfur 
stoichiometry in coal mineral matter 
************************************************************************ 
NO/LOW XRAY IS MACRO CLASS 1 
SPECIFICATION TYPE 
TOT. NET COUNT LIMIT 
SPECIFIC GRAVITY 
LOWER LIMIT UPPER LIMIT (WEIGHTING) 
O.OOOE-01 5.000E+02 1000 
1.300 
************************************************************************ 
FE-S FE<35% IS MACRO CLASS 2 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
S FRACTION OF XRAY COUNT 0.100 
FE FRACTION OF XRAY COUNT 0.100 
RATIO REQUIREMENT: 0.000 
NUH:NET COUNTS:FE 
DEN:NET COUNTS:FE S 
1.000 
1.000 
0.350 
1000 
1000 
1000 
5.000 SPECIFIC GRAVITY 
************************************************************************ 
FE-S FE=35-40% IS MACRO CLASS 3 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
S FRACTION OF XRAY COUNT 
FE FRACTION OF XRAY COUNT 
RATIO REQUIREMENT: 
NUM;NET COUNTS;FE 
DEN:NET COUNTS:FE S 
0.100 
0.100 
0.350 
1.000 
1.000 
0.400 
1000 
1000 
1000 
5.000 SPECIFIC GRAVITY 
************************************************************************ 
FE-S FE=40-45% IS MACRO GLASS 4 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
S FRACTION OF XRAY COUNT 0.100 
FE FRACTION OF XRAY COUNT 0.100 
RATIO REQUIREMENT: 0.400 
NUM:NET COUNTS:FE 
DEN:NET COUNTS:FE S 
1.000 
1.000 
0.450 
1000 
1000 
1000 
5.000 SPECIFIC GRAVITY 
***********************************>:************************************ 
FE-S FE=45-50% IS MACRO CLASS 5 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
S FRACTION OF XRAY COUNT 0.100 
FE FRACTION OF XRAY COUNT 0.100 
RATIO REQUIREMENT; 0.450 
NUM;NET COUNTS:FE 
DEN;NET COUNTS:FE S 
1.000 
1.000 
0.500 
1000 
1000 
1000 
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Table C-1 (continued). 
SPECIFIC GRAVITY = 5.000 
************************************************************************ 
FE-S FE=50-55% IS MACRO CLASS 6 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
S FRACTION OF XRAY COUNT 0.100 1.000 1000 
FE FRACTION OF XRAY COUNT 0.100 1.000 1000 
RATIO REQUIREMENT: 0.500 0.550 1000 
NUMiNET COUNTS:FE 
DEN:NET COUNTS:FE S 
SPECIFIC GRAVITY = 5.000 
************************************************************************ 
FE-S FE=55-60% IS MACRO CLASS 7 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
S FRACTION OF XRAY COUNT 0.100 1.000 1000 
FE FRACTION OF XRAY COUNT 0.100 1.000 1000 
RATIO REQUIREMENT: 0.550 0.600 1000 
NUM:NET COUNTS:FE 
DEN:NET COUNTS:FE S 
SPECIFIC GRAVITY = 5.000 
************************************************************************ 
FE-S FE=60-65% IS MACRO CLASS 8 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
S FRACTION OF XRAY COUNT 0.100 1.000 1000 
FE FRACTION OF XRAY COUNT 0.100 1.000 1000 
RATIO REQUIREMENT: 0.600 0.650 1000 
NUM:NET COUNTS:FE 
DEN:NET COUNTS:FE S 
SPECIFIC GRAVITY = 5.000 
************************************************************************ 
FE-S FE=65-70% IS MACRO CLASS 9 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
S FRACTION OF XRAY COUNT 0.100 1.000 1000 
FE FRACTION OF XRAY COUNT 0.100 1.000 1000 
RATIO REQUIREMENT; 0.650 0.700 1000 
NUM;NET COUNTS:FE 
DEN:NET COUNTS:FE S 
SPECIFIC GRAVITY = 5.000 
************************************************************************ 
FE-S FE=70-75% IS MACRO CLASS 10 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
S FRACTION OF XRAY COUNT 0.100 1.000 1000 
FE FRACTION OF XRAY COUNT 0.100 1.000 1000 
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Table C-1 (continued). 
RATIO REQUIREMENT: 
NUM:NET COUNTS:FE 
DEN:NET COUNTS:FE S 
0.700 0.750 1000 
SPECIFIC GRAVITY = 5.000 
************************************************************************ 
FE-S FE=75-80% IS MACRO CLASS 11 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
S FRACTION OF XRAY COUNT 
FE FRACTION OF XRAY COUNT 
RATIO REQUIREMENT: 
NUH:NET COUNTS:FE 
DEN:NET COUNTS:FE S 
0.100 
0.100 
0.750 
1.000 
1.000 
0.800 
1000 
1000 
1000 
SPECIFIC GRAVITY = 5.000 
************************************************************************ 
FE-S FE>80% IS MACRO CLASS 12 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
S FRACTION OF XRAY COUNT 
FE FRACTION OF XRAY COUNT 
RATIO REQUIREMENT: 
NUM:NET COUNTS:FE 
DEN:NET COUNTS:FE S 
0.100 
0.100 
0.800 
1.000 
1.000 
1.000 
1000 
1000 
1000 
SPECIFIC GRAVITY = 5.000 
************************************************************************ 
Mise IS MACRO CLASS 13 
SPECIFICATION TYPE LOWER LIMIT UPPER LIMIT (WEIGHTING) 
MISCELLANEOUS CLASS (NO PHYSICAL OR CHEMICAL REQUIREMENTS) 
MACRO CLASSIFICATION CANNOT PASS THIS CLASS 
SPECIFIC GRAVITY 2.700 
13 USER DEFINED MACRO CLASSES 
6936 BYTES AVAILABLE FOR AUTOMATIC CLASSIFICATION 
CHEMISTRY DEFINITION USES 6864 BYTES OF STORAGE 
************************************************************************ 
Results from the application of the chemistry file to samples of raw 
Illinois No. 6 and Pittsburgh 200x0 mesh coal are expressed in Figure 
C-1. The distribution of iron- and sulfur-bearing particles as a 
function of stoichiometry are plotted as weight fraction of the total 
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mineral matter versus iron fraction of the combined iron and sulfur X-ray 
counts. 
Peaks are noted in the distribution for all samples at an iron 
fraction of 40-45% of the iron and sulfur X-ray count. This peak 
corresponds to iron pyrite (46.5% iron by weight). The peak does not 
correspond to the weight fraction of iron in pyrite since the X-ray 
analyses used for AIA are only qualitative. Effects of other elements in 
the mineral, and the placement of the regions of interest within the X-
ray spectrum alter the apparent relative abundances of iron and sulfur. 
Smaller peaks are also noted in the distribution at an iron content 
of 55-60%. This peak corresponds to an iron-to-sulfur ration of 1:1, as 
in pyrrhotite (FeS) or in the iron sulfates (FeS0^'nH20). For such 
compounds, the iron to sulfur ratio is 64:36 by weight. Again, the peak 
in the X-ray count distribution does not correspond exactly with the 
weight distribution due to matrix effects and the locations of the 
regions of interest. 
The middle category containing iron as 50-55% of the iron and sulfur 
X-ray counts was a local minimum in the weight distribution. The 
midpoint of that category (i.e., 52.5%) was selected as the cutoff 
between the two iron and sulfur stoichiometrics. This cutoff is only 
valid for the particular SEM and X-ray parameters used for these 
measurements. Changes in the accelerating voltage and region of interest 
definitions will cause shifts in the distribution. 
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Figure C-1. Distribution of iron- and sulfur-bearing minerals in 
Illinois No. 6 and Pittsburgh coals as a function of 
stoichiometry. 
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APPENDIX D; AI A WEIGHT FRACTION DATA FOR PHYSICALLY-CLEANED COALS 
This appendix contains the raw AIA data for the four pairs of 
physically-cleaned coal samples. Two data tables are included for each 
sample. The first table in each pair is the raw data as printed out from 
the image analysis programs. The second table of the pair is the data 
following correction to a consistent area base, correction for spurious 
categories, such as the NO/LOW XRAY category, and normalization to 100% 
of the mineral matter. 
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Table D-la. Raw MA data for Illinois No. 6 200x0 mesh raw coal. Data 
played back. 9-SEP-85 
ChemistryVSize <4.0 <7.0 <12. <21. <36. >36. TOTALS 
FE-SULFATE | 0.0148 0.0588 0.1667 0.2952 0.9385 1.8960 3.3700 
PYRITE 1 0.1277 0.9565 2.2402 3.5586 11.9138 19.3279 38.1247 
PYRITE+MISC. 1 0.0177 0.0533 0.1196 0.0782 0.2787 0.1118 0.6593 
KAOLINITE 1 0.1771 1.0805 1.5140 1.2575 2.7699 4.5420 11.3410 
ILLITE 1 0.0360 0.3439 0.6904 0.6348 2.4056 4.7039 8.8146 
MONTMORILLONITI 0.0009 0.0097 0.0148 0.0408 0.0509 0.0000 0.1171 
CHLORITE 1 0.0456 0.2450 0.3642 0.1893 0.7429 1.4746 3.0616 
MIXED CLAY j 0.0162 0.0814 0.1462 0.0675 0.2200 0.6257 1.1570 
QUARTZ 1 0.2571 1.5123 2.5707 2.0931 4.5636 10.2651 21.2619 
GYPSUM 1 0.0048 0.0239 0.0445 0.0174 0.0356 0.0000 0.1262 
APATITE 1 0.0027 0.0128 0.0344 0.0366 0.0711 0.6259 0.7835 
DOLOMITE 1 0.0000 0.0015 0.0074 0.0000 0.1163 0.0000 0.1252 
CALCITE 1 0.0095 0.0673 0.2991 0.2656 1.9709 5.2432 7.8556 
FE-RICH 1 0.0065 0.0580 0.0512 0.0847 0.0896 0.3357 0.6257 
SILICATES 1 0.0168 0.0493 0.1660 0.0726 0.5934 0.4890 1.3871 
MISCELLANEOUS j 0.0052 0.0268 0.0643 0.0512 0.2301 0.2206 0.5982 
TOTALS 1 0.7386 4.5810 8.4937 8.7431 26.9909 49.8614 99.4087 
Table D-lb. Corrected and normalized AIA data for Illinois No. 6 200x0 
mesh raw coal. Data played back 9-SEP-85. Correction 
factors: 69.26, 11.89, 3.02, 1.00 for columns 1, 2, 3-4, 5-6 
ChemistryVSize <4.0 <7.0 <12. <21. <36. >36. TOTALS 
FE-SULFATE | 0. 4369 0. 2979 0. 2149 0. 3806 0. 4000 0. 8082 2. 5386 
PYRITE I 3. 7699 4. 8468 2. 8885 4. 5884 5. 0782 8. 2384 29. 4101 
PYRITE+MISC. 1 0. 5225 0. 2701 0. 1542 0. 1008 0. 1188 0. 0477 1. 2141 
KAOLINITE ! 5, 2283 5. 4751 1. 9521 1. 6214 1. 1807 1. 9360 17. 3935 
ILLITE 1 1. 0628 1. 7426 0. 8902 0. 8185 1. 0254 2. 0050 7. 5444 
MONTMORILLONITI 0. 0266 0. 0492 0. 0191 0. 0526 0. 0217 0. 0000 0. 1691 
CHLORITE 1 1. 3462 1. 2415 0. 4696 0. 2441 0. 3167 0. 6285 4. 2465 
MIXED CLAY j 0. 4782 0. 4125 0. 1885 0. 0870 0. 0938 0. 2667 1. 5267 
QUARTZ 1 7. 5900 7. 6631 3. 3146 2. 6988 1. 9452 4. 3754 27. 5872 
GYPSUM 1 0. 1417 0. 1211 0. 0574 0. 0224 0. 0152 0. 0000 0. 3578 
APATITE 1 0. 0797 0. 0649 0, 0444 0. 0472 0. 0303 0. 2668 0. 5332 
DOLOMITE 1 0. 0000 0. 0076 0. 0095 0. 0000 0. 0496 0. 0000 0. 0667 
CALCITE I 0. 2805 0. 3410 0. 3857 0. 3425 0. 8401 2. 2349 4. 4246 
FE-RICH 1 0. 1919 0. 2939 0. 0660 0. 1092 0. 0382 0. 1431 0. 8423 
SILICATES j 0. 4960 0. 2498 0. 2140 0. 0936 0. 2529 0. 2084 1. 5148 
MISCELLANEOUS j 0. 1535 0. 1358 0. 0829 0. 0660 0. 0981 0. 0940 0. 6303 
TOTALS 1 21. 8046 23. 2127 10. 9516 11. 2732 11. 5047 21. 2531 1100. 0000 
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Table D-2a. Raw AIA data for Illinois No. 6 200x0 mesh coal floated at 
1.3 specific gravity. Data played back 25-JUL-85 
Chemistry\Size <4.0 <7.0 <12. <21. <36. >36. TOTALS 
FE-SULFATE 0.2660 0.3432 0.2525 0.5524 1.1441 0.0000 2.5582 
PYRITE 5.3043 8.6097 13.4520 6.8226 0.7161 0.0000 34.9047 
PYRITE+MISC. 0.2996 0.2549 0.1643 0.2110 0.0000 0.0000 0.9298 
KAOLINITE 5.0104 6.1225 3.2743 0.9523 1.1931 0.0000 16.5526 
ILLITE 1.9108 2.7701 3.0062 2.1869 0.0000 0.0000 9.8740 
MONTMORILLONIT 0.0409 0.0598 0.0000 0.0000 0.0000 0.0000 0.1007 
CHLORITE 0.1755 0.2671 0.2280 0.1489 0.0000 0.0000 0.8195 
MIXED CLAY 0.6857 0.3751 0.3945 0.0000 0.0000 0.0000 1.4553 
QUARTZ 6.7560 7.3898 6.8117 3.5337 1.1357 0.0000 25.6269 
GYPSUM 0.0235 0.0361 0.0000 0.0000 0.0000 0.0000 0.0596 
APATITE 0.0575 0.0000 0.0535 0.0000 0.0000 0.0000 0.1110 
DOLOMITE 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
CALCITE 0.0383 0.1200 0.3310 0.1574 0.0000 0.0000 0.6467 
FE-RICH 0.3123 0.1386 0.1339 0.3331 0.0000 0.0000 0.9179 
SILICATES 1.0448 0.7603 0.6070 0.3644 0.0000 0.0000 2.7765 
MISCELLANEOUS 1.0758 0.9133 0.3272 0.0000 0.0000 0.0000 2.3163 
TOTALS 23.0014 28.1605 29.0361 15.2627 4.1890 0.0000 99.6497 
Table D-2b. Corrected and normalized AIA data for Illinois No. 6 200x0 
mesh coal floated at 1.3 specific gravity. Data played back. 
25-JUL-85. No corrections factors needed 
ChemistryXSize <4.0 <7.0 <12. <21. <36. >36. TOTALS 
FE-SULFATE | 0.2669 0.3444 0.2534 0.5543 1.1481 0.0000 2. 5672 
PYRITE 5.3229 8.6400 13.4993 6.8466 0.7186 0.0000 35. 0274 
PYRITS+MISG= ! 0-3007 0.2558 0.1649 0.2117 0.0000 0.0000 0. 9331 
KAOLINITE 5.0280 6.1440 3.2858 0.9556 1.1973 0.0000 16. 6108 
ILLITE 1.9175 2.7798 3.0168 2.1946 0.0000 0.0000 9. 9087 
MONTMORILLONIT 0.0410 0.0600 0.0000 0.0000 0.0000 0.0000 0. 1011 
CHLORITE 0.1761 0.2680 0.2288 0.1494 0.0000 0.0000 0. 8224 
MIXED CLAY 0.6881 0.3764 0.3959 0.0000 0.0000 0.0000 1. 4604 
QUARTZ 6.7797 7.4158 6.8356 3.5461 1.1397 0.0000 25. 7170 
GYPSUM 0.0236 0.0362 0.0000 0.0000 0.0000 0.0000 0. 0598 
APATITE 0.0577 0.0000 0.0537 0.0000 0.0000 0.0000 0. 1114 
DOLOMITE 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0. 0000 
CALCITE 0.0384 0.1204 0.3322 0.1580 0.0000 0.0000 0. 6490 
FE-RICH 0.3134 0.1391 0.1344 0.3343 0.0000 0.0000 0. 9211 
SILICATES 1.0485 0.7630 0.6091 0.3657 0.0000 0.0000 2. 7863 
MISCELLANEOUS 1.0796 0.9165 0.3284 0.0000 0.0000 0.0000 2. 3244 
TOTALS I 23.0823 28.2595 29.1382 15.3164 4.2037 0.0000 |100.0000 
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Table D-3a. Raw AIA data for Pittsburgh 200x0 mesh raw coal. Data 
played back 22-JUL-85 
Chemistry\Size <4.0 <7.0 <12. <21. <36. >36. TOTALS 
PE-SULFATE | 0.0437 0.1586 0.2429 0.5746 2.2971 4.1714 7.4883 
PYRITE 1 0.5465 2.6799 4.4820 4.7029 13.0608 29.3840 54.8561 
PYRITE+MISC. 1 0.0217 0.0825 0.1400 0.0763 0.0000 0.0000 0.3205 
KAOLINITE 1 0.3447 1.6873 1.7491 0.8385 1.8000 0.3660 6.7856 
ILLITE 1 0.2486 1.2435 1.1675 0.7417 1.1189 1.1711 5.6913 
MONTMORILLONITl 0.0223 0.0456 0.0151 0.0000 0.0000 0.0000 0.0830 
CHLORITE 1 0.0533 0.1664 0.2673 0.2063 0.9178 0.8629 2.4740 
MIXED CLAY | 0.0572 0.2178 0.1736 0.1359 0.3274 1.3419 2.2538 
QUARTZ 1 0.1416 0.6500 1.1229 0.8087 1.1384 1.2758 5.1374 
GYPSUM 1 0.0040 0.0186 0.0103 0.0000 0.0000 0.0000 0.0329 
APATITE 1 0.0000 0.0026 0.0109 0.0000 0.0000 0.0000 0.0135 
DOLOMITE 1 0.0000 0.0091 0.0211 0.0000 0.0000 0.0000 0.0302 
CALCITE 1 0.0219 0.1405 0.0984 0.0880 0.1441 0.0000 0.4929 
FE-RICH 1 0.0424 0.1963 0.2173 0.2401 0.4878 1.9721 3.1560 
SILICATES 1 0.0065 0.0310 0.1092 0.0896 0.0715 1.2575 1.5653 
MISCELLANEOUS j 0.2135 0.8753 0.4561 0.2158 0.7010 4.6765 7.1382 
TOTALS 1 1.7679 8.2050 10.2837 8.7184 22.0648 46.4792 97.5190 
Table D-3b. Corrected and normalized AIA data for Pittsburgh 6 200x0 
mesh raw coal. Data played back 22-JUL-85. Correction 
factors: 5.29, 3.28, 1.00 for columns 1-2, 3-4, 5-6 
Chemistry\Size <4.0 <7.0 <12. <21. <36. >36. TOTALS 
FE-SULPATE 0. 1258 0. 4566 0. 4341 1. 0270 1. 2508 2. 2714 5. 5659 
PYRITE 1. 5734 7. 7156 8. 0109 8. 4057 7. 1120 16. 0004 48. 8180 
PYRITE+MISC, 0. 0625 0. 2375 0. 2502 0. 1364 0. 0000 0. 0000 0. 6866 
KAOLINITE 0. 9924 4. 8578 3. 1262 1. 4987 0. 9801 0. 1993 11. 6546 
ILLITE 0. 7157 3. 5801 2. 0867 1. 3257 0. 6093 0. 6377 8. 9552 
MONTMORILLONIT 0. 0642 0. 1313 0. 0270 0. 0000 0. 0000 0. 0000 0. 2225 
CHLORITE 0. 1535 0. 4791 0. 4778 0. 3687 0. 4998 0. 4699 2. 4487 
MIXED CLAY 0. 1647 0. 6271 0. 3103 0. 2429 0. 1783 0. 7307 2. 2539 
QUARTZ 0. 4077 1. 8714 2. 0070 1. 4454 0. 6199 0. 6947 7. 0461 
GYPSUM 0. 0115 0. 0536 0. 0184 0. 0000 0. 0000 0. 0000 0. 0835 
APATITE 0. 0000 0. 0075 0. 0195 0. 0000 0. 0000 0. 0000 0. 0270 
DOLOMITE 0. 0000 0. 0262 0. 0377 0. 0000 0. 0000 0. 0000 0. 0639 
CALCITE 0. 0631 0. 4045 0. 1759 0. 1573 0. 0785 0. 0000 0. 8792 
FE-RICH 0, 1221 0. 5652 0. 3884 0. 4291 0. 2656 1. 0739 2. 8442 
SILICATES 0. 0187 0. 0893 0. 1952 0, 1601 0. 0389 0. 6847 1. 1870 
MISCELLANEOUS 0, 6147 2. 5200 0. 8152 0. 3857 0. 3817 2. 5465 7. 2638 
TOTALS 5. 0899 23. 6227 18. 3805 15. 5828 12. 0149 25. 3092 1100. 0000 
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Table D-4a. Raw AIA data for Pittsburgh 200x0 mesh coal floated at 1.3 
specific gravity. Data played back lA-SEP-85 
Chemistry\Size <4.0 <7.0 <12. <21. <36. >36. TOTALS 
FE-SUFATE 0.0265 0.1344 0.0900 0.2980 0.0000 0.0000 0.5489 
PYRITE 5.2809 8.8313 10.0638 2.5588 0.0000 0.0000 26.7348 
PYRITE+MISC. 0.4566 0.3381 0.1290 0.0000 0.0000 0.0000 0.9237 
KAOLINITE 9.7092 12.9630 5.2777 1.3806 0.0000 0.0000 29.3305 
ILLITE 4.7041 10.1759 4.1325 0.1607 0.0000 0.0000 19.1732 
MONTNORILLONIT 0.8954 0.5171 0.4626 0.0000 0.0000 0.0000 1.8751 
CHLORITE 0.3785 1.0394 0.0741 0.0000 0.0000 0.0000 1.4920 
MIXED CLAY 0.8819 0.8366 0.5734 0.0000 0.0000 0.0000 2.2919 
QUARTZ 2.5004 5.2517 2.2750 0.6294 0.0000 0.0000 10.6565 
GYPSUM 0.0596 0.0343 0.0000 0.0000 0.0000 0.0000 0.0939 
APATITE 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
DOLOMITE 0.0084 0.0741 0.1221 0.0000 0.0000 0.0000 0.2046 
CALCITE 0.0636 0.4124 0.1925 0.1663 0.0000 0.0000 0.8348 
FE-RICH 0.0743 0.1149 0.1323 0.2705 0.0000 0.0000 0.5920 
SILICATES 0.1291 0.2632 0.0000 0.0000 0.0000 0.0000 0.3923 
HISCELANEOUS 1.1057 1.1821 0.3764 0.7504 0.0000 0.0000 3.4146 
TOTALS 26.2742 42.1685 23.9014 6.2147 0.0000 0.0000 98.5588 
Table D-4b. Corrected and normalized AIA data for Pittsburgh 200x0 mesh 
coal floated at 1.3 specific gravity. Data played back 
14-SEP-85. Correction factors: 1.91, 1.00 for columns 1, 
2-6 
Chemistry\Size <4.0 <7.0 <12. <21. <36. >36. TOTALS 
FE-SUFATE | 0. 0413 0. 1097 0. 0735 0. 2433 0. 0000 0. 0000 0. 4678 
PYRITE 1 8. 2383 7. 2097 8. 2159 2. 0890 0. 0000 0. 0000 25. 7529 
PYRITE+MISC. 1 0. 7123 0. 2760 0. 1053 0. 0000 0. 0000 0. 0000 1. 0936 
KAOLINITE 1 15. 1465 10. 5828 4. 3086 1. 1271 0. 0000 0. 0000 31. 1650 
ILLITE 1 7. 3385 8. 3074 3. 3737 0. 1312 0. 0000 0. 0000 19. 1508 
MONTMORILLONIT| 1. 3968 0. 4222 0. 3777 0. 0000 0. 0000 0. 0000 2. 1966 
CHLORITE 1 0. 5905 0. 8485 0. 0605 0. 0000 0. 0000 0. 0000 1. 4995 
MIXED CLAY | 1. 3758 0. 6830 0. 4681 0. 0000 0. 0000 0. 0000 2. 5269 
QUARTZ 1 3. 9007 4. 2874 1. 8573 0. 5138 0. 0000 0. 0000 10. 5592 
GYPSUM 1 0. 0930 0. 0280 0. 0000 0. 0000 0. 0000 0. 0000 0. 1210 
APATITE 1 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 
DOLOMITE 1 0. 0131 0. 0605 0. 0997 0. 0000 0. 0000 0. 0000 0. 1733 
CALCITE 1 0. 0992 0. 3367 0. 1572 0. 1358 0. 0000 0. 0000 0. 7288 
FE-RICH 1 0. 1159 0. 0938 0. 1080 0. 2208 0. 0000 0. 0000 0. 5386 
SILICATES 1 0. 2014 0. 2149 0. 0000 0, 0000 0. 0000 0. 0000 0. 4163 
MISCELLANEOUS j 1. 7249 0. 9650 0. 3073 0. 6126 0. 0000 0. 0000 3. 6099 
TOTALS 1 40. 9882 34. 4256 19. 5127 5. 0736 0. 0000 0. 0000 1100. 0000 
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Table D-5a. Raw AIA data for Adaville No. 11 200x0 mesh raw coal. Data 
played back 19-DEC-85 
Chemistry\Size <4.0 <7.0 <12. <21. <36. >36. 1 TOTALS 
FE-SULFATE 0.0000 0.0000 0.0100 0.0900 0.0400 0.7500 0.8900 
PYRITE 0.0100 0.0000 0.0700 0.0300 0.1400 0.7600 1.0100 
PYRITE+MISC. 0.0000 0.0000 0.0100 0.0000 0.0000 0.0000 0.0100 
KAOLINITE 0.0100 0.0300 0.3600 0.6200 1.1800 1.7300 3.9300 
ILLITE 0.0000 0.0100 0.1500 0.0900 0.3300 2.9500 3.5300 
MONTMORILLONIT 0.0000 0.0000 0.1000 0.1200 0.5600 2.4700 3.2500 
CHLORITE 0.0000 0.0000 0.0200 0.0400 0.1500 0.6800 0.8900 
MIXED CLAY 0.0000 0.0000 0.0600 0.1700 0.1800 0.7900 1.2000 
QUARTZ 0.0900 0.1200 1.1000 1.9800 6.5500 23.1900 33.0300 
GYPSUM 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
APATITE 0.0100 0.0100 0.3300 0.4000 0.9600 4.9000 6.6100 
DOLOMITE 0.0000 0.0000 0.0100 0.0100 0.0000 0.0000 0.0200 
CALCITE 0.0000 0.0000 0.0700 0.1000 0.0900 0.4500 0.7100 
FE-RICH 0.0200 0.0400 0.4900 0.8500 2.2500 21.6800 25.3300 
SILICATES 0.0000 0.0000 0.0100 0.0400 0.0700 0.0000 0.1200 
MISCELLANEOUS 0.1300 0.3700 1.5400 1.6500 1.7700 2.2100 7.6700 
TOTALS 0.2700 0.5800 4.3300 6.1900 14.2700 62.5600 88.2000 
Table D-5b. Corrected and normalized AIA data for Adaville No. 11 200x0 
mesh raw coal. Data played back 19-DEC-85. Correction 
factors: 48.46, 2.46, 1.00 for columns 1-2, 3-4, 5-6 
ChemistrySSize <4.0 <7.0 <12. <21. <36. >36. TOTALS 
FE-SULFATE | 0. 0000 0 .0000 0. 0171 0. 1538 0. 0278 0 .5212 0. 7199 
PYRITE 0. 3368 0 .0000 0. 1196 0. 0513 0. 0973 0 .5282 1. 1332 
PYRITE+MISC, 0. 0000 0 .0000 0. 0171 0. 0000 0. 0000 0 .0000 0. 0171 
KAOLINITE 0. 3368 1 .0103 0. 6153 1. 0596 0. 8201 1 .2023 5. 0444 
ILLITE 0. 0000 0 .3368 0. 2564 0. 1538 0. 2293 2 .0502 3. 0265 
MONTMORILLONIT 0. 0000 0 .0000 0. 1709 0. 2051 0. 3892 1 .7166 2. 4818 
CHLORITE 0. 0000 0 .0000 0. 0342 0. 0684 0. 1042 0 .4726 0. 6794 
MIXED CLAY 0. 0000 0 .0000 0. 1025 0. 2905 0. 1251 0 .5490 1. 0671 
QUARTZ 3. 0309 4 .0411 1. 8800 3. 3840 4. 5522 16 .1167 33. 0049 
GYPSUM 0. 0000 0 .0000 0. 0000 0. 0000 0. 0000 0 .0000 0. 0000 
APATITE 0. 3368 0 .3368 0. 5640 0. 6836 0. 6672 3 .4054 5. 9938 
DOLOMITE 0. 0000 0 .0000 0. 0171 0. 0171 0. 0000 0 .0000 0, 0342 
CALCITE 0. 0000 0 .0000 0. 1196 0. 1709 0. 0625 0 .3127 0. 6657 
FE-RICH 0. 6735 1 .3470 0. 8374 1. 4527 1. 5637 15 .0673 20. 9416 
SILICATES 0. 0000 0 .0000 0. 0171 0. 0684 0. 0486 0 .0000 0. 1341 
MISCELLANEOUS 4, 3779 12 .4602 2. 6320 2. 8200 1. 2301 1 .5359 25. 0561 
TOTALS 9 0927 19 .5322 7. 4003 10. 5792 9. 9173 43 .4781 99. 9998 
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Table D-6a. Raw AIA data for Adaville No. 11 200x0 mesh coal floated at 
1.4 specific gravity. Data played back 19-DEC-S5 
ChemistryNSize <4.0 <7.0 <12. <21. <36. >36. TOTALS 
FE-SULFATE | 0.0200 0.0300 0.1800 0.0000 0.0000 0.0000 0.2300 
PYRITE 1 0.0800 0.0700 0.3200 0.8500 0.4100 0.0000 1.7300 
PYRITE+MISC. 1 0.0000 0.0000 0.0500 0.0000 0.0000 0.0000 0.0500 
KAOLINITE 1 0.2500 0.3800 2.0100 1.1500 0.8200 0.0000 4.6100 
ILLITE 1 0.0700 0.0500 0.4800 0.3700 0.0000 0.0000 0.9700 
MONTMORILLONITl 0.0200 0.0100 0.0700 0.0700 0.0000 0.0000 0.1700 
CHLORITE 1 0.0200 0.0200 0.1400 0.0000 0.0000 0.0000 0.1800 
MIXED CLAY | 0.0700 0.0800 0.2200 0.0800 0.0000 0.0000 0.4500 
QUARTZ 1 2.2400 3.1200 15.9600 22.7500 17.2100 4.3200 65.6000 
GYPSUM 1 0.0000 0.0200 0.0400 0.0000 0.2000 0.0000 0.2600 
APATITE 1 0.1500 0.4600 1.1700 0.2900 0.0000 0.0000 2.0700 
DOLOMITE 1 0.0000 0.0100 0.0400 0.0000 0.0000 0.0000 0.0500 
CALCITE 1 0.0400 0.0500 0.5100 0.8600 0.2700 0.0000 1.7300 
FE-RICH 1 0.3400 0.4100 1.8700 1.4400 0.5300 0.0000 4.5900 
SILICATES 1 0.0000 0.0300 0.0300 0.5400 0.5400 0.0000 1.1400 
MISCELLANEOUS j 0.3500 0.8700 2.4300 2.4600 2.4200 1.8900 10.4200 
TOTALS 1 3.6500 5.6100 25.5200 30.8600 22.4000 6.2100 94.2500 
Table D-6b. Corrected and normalized AIA data for Adaville No. 11 200x0 
mesh coal floated at 1.4 specific gravity. Data played back. 
19-DEC-85. Correction factors: 14.20, 1.00, 1.00 for 
columns 1-2, 3-4, 5-6 
ChemistryNSize <4.0 <7.0 <12. <21. <36. >36. TOTALS 
FE-SULFATE | 0. 1312 0. 1968 0. 0831 0. 0000 0. 0000 0. 0000 0. 4111 
PYRITE 1 0. 5248 0 = 4592 0, 1478 0. 3926 0. 1894 0. 0000 1. 7138 
PYRITE+MISC. 1 0. 0000 0. 0000 0. 0231 0. 0000 0. 0000 0. 0000 0. 0231 
KAOLINITE 1 1. 6401 2. 4929 0. 9283 0. 5311 0. 3787 0. 0000 5. 9711 
ILLITE 1 0. 4592 0. 3280 0. 2217 0. 1709 0. 0000 0. 0000 1. 1798 
MONTMORILLONIT j 0. 1312 0. 0656 0. 0323 0. 0323 0. 0000 0. 0000 0. 2614 
CHLORITE 1 0. 1312 0. 1312 0. 0647 0. 0000 0. 0000 0. 0000 0. 3271 
MIXED CLAY | 0. 4592 0. 5248 0. 1016 0. 0369 0. 0000 0. 0000 1. 1225 
QUARTZ I 14. 6951 20. 4682 7. 3709 10. 5067 7. 9482 1, 9951 62. 9842 
GYPSUM 1 0. 0000 0. 1312 0. 0185 0. 0000 0. 0924 0. 0000 0. 2421 
APATITE 1 0. 9840 3. 0178 0. 5403 0. 1339 0. 0000 0. 0000 4. 6760 
DOLOMITE 1 0. 0000 0. 0656 0. 0185 0. 0000 0. 0000 0. 0000 0. 0841 
CALCITE 1 0. 2624 0. 3280 0. 2355 0, 3972 0. 1247 0. 0000 1. 3478 
FE-RICH I 2. 2305 2. 6897 0. 8636 0. 6650 0. 2448 0. 0000 6. 6936 
SILICATES 1 0. 0000 0. 1968 0. 0139 0. 2494 0. 2494 0. 0000 0. 7095 
MISCELLANEOUS | 2. 2961 5. 7075 1. 1223 1. 1361 1. 1176 0. 8729 12. 2525 
TOTALS 1 23. 9450 36. 8033 11. 7861 14. 2521 10. 3452 2 8680 99. 9997 
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Table D-7a. Rav AIÀ data for Dietz No. 1&2 200x0 mesh raw coal. Data 
played back 5-AUG-85 
ChemistryNSize <4.0 <7.0 <12. <21. <36. >36. TOTALS 
FE-SULFATE 0. 0945 0. 1528 0. 1603 0. 6582 0. 0000 0. 0000 1. 0658 
PYRITE 0. 7650 0. 6493 1. 1505 0. 0000 0. 8461 10. 2292 13. 6401 
PYRITE+MISC. 0. 1362 0. 0314 0. 0788 0. 0000 0. 0000 0. 0000 0. 2464 
KAOLINITE 2. 0963 2. 9880 3. 5911 6. 4803 2. 5734 0. 0000 17. 7291 
ILLITE 0. 2289 0. 1340 0. 7217 0. 2990 1. 9568 0. 0000 3. 3404 
MONTMORILLONIT 0. 1347 0. 1999 0. 1361 0. 0000 0. 0000 0. 0000 0. 4707 
CHLORITE 0. 0331 0. 0653 0. 0000 0. 1592 0. 0000 0. 0000 0. 2576 
MIXED CLAY 0. 1937 0. 2734 0. 3443 0. 0000 0. 7797 0. 0000 1. 5911 
QUARTZ 2. 6919 3. 0947 2. 8609 5. 5861 7. 5678 4. 6464 26. 4478 
GYPSUM 0. 1430 0. 1698 0. 0700 0. 0000 0. 0000 0. 0000 0. 3828 
APATITE 0. 2525 0. 1811 0. 2856 0. 0000 0. 0000 0. 0000 0. 7192 
DOLOMITE 0. 0180 0. 0295 0. 0000 0. 0000 0. 0000 0. 0000 0. 0475 
CALCITE 1. 4199 1. 1879 1. 0404 0. 3532 0. 0000 0. 0000 4. 0014 
FE-RICH 0. 2628 0. 2043 0. 2422 0. 0000 0. 0000 0. 0000 0. 7093 
SILICATES 0. 1193 0. 2955 0, 1118 0. 0000 0. 0000 0. 0000 0. 5266 
MISCELLANEOUS 5. 1881 4. 7386 3. 0315 1. 8686 0. 8677 0. 0000 15. 6945 
TOTALS 13. 7779 14. 3955 13. 8252 15. 4046 14, 5915 14. 8756 86. 8703 
Table D-7b. Corrected and normalized AIA data for Dietz No. 1&2 200x0 
mesh raw coal. Data played back 5-AUG-85. No correction 
factors needed 
Chemistry\Size <4.0 <7.0 <12. <21. <36. >36. TOTALS 
FE-SULFATE 0. 1088 0. 1759 0. 1845 0. 7577 0. 0000 0 .0000 1. 2269 
PYRITE 0. 8806 0. 7474 1. 3244 0. 0000 0. 9740 11 .7753 15. 7017 
fïKiîE+HISC. 0. 1568 0. 0361 0. 0907 0 = 0000 0, 0000 0 .0000 0. 2836 
KAOLINITE 2. 4131 3. 4396 4. 1339 7. 4597 2. 9623 0 .0000 20. 4087 
ILLITE 0. 2635 0. 1543 0. 8308 0. 3442 2. 2526 0 .0000 3. 8453 
MONTMORILLONIT 0. 1551 0. 2301 0. 1567 0. 0000 0. 0000 0 .0000 0. 5418 
CHLORITE 0. 0381 0. 0752 0. 0000 0. 1833 0. 0000 0 .0000 0. 2965 
MIXED CLAY 0. 2230 0. 3147 0. 3963 0. 0000 0. 8975 0 .0000 1. 8316 
QUARTZ 3. 0988 3. 5624 3. 2933 6. 4304 8. 7116 5 .3487 30. 4452 
GYPSUM 0. 1646 0. 1955 0. 0806 0. 0000 0. 0000 0 .0000 0. 4407 
APATITE 0. 2907 0. 2085 0. 3288 0. 0000 0. 0000 0 .0000 0. 8279 
DOLOMITE 0. 0207 0. 0340 0. 0000 0. 0000 0. 0000 0 .0000 0. 0547 
CALCITE 1. 6345 1. 3674 1. 1976 0. 4066 0. 0000 0 .0000 4. 6062 
FE-RICH 0. 3025 0. 2352 0. 2788 0. 0000 0. 0000 0 .0000 0. 8165 
SILICATES 0. 1373 0. 3402 0. 1287 0. 0000 0. 0000 0 .0000 0. 6062 
MISCELLANEOUS 5. 9722 5. 4548 3, 4897 2. 1510 0. 9988 0 .0000 18. 0666 
TOTALS 15. 8603 16. 5713 15. 9148 17. 7329 16. 7969 17 .1239 |100. 0000 
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Table D-8a. Raw AIA data for Dietz No. 1&2 200x0 mesh coal floated at 
1.38 specific gravity. Data played back 26-JUL-85 
ChemistryNSize <4.0 <7.0 <12. <21. <36. >36. TOTALS 
FE-SULFATE 0.0564 0.1441 0.0496 0.3439 1.1398 0.0000 1.7338 
PYRITE 0.7144 0.7777 1.1843 2.4820 0.0000 0.0000 5.1583 
PYRITE+MISC. 0.2492 0.3154 0.2407 0.0000 0.0000 0.0000 0.8053 
KAOLINITE 1.3753 3.4168 4.1760 5.5636 5.2118 2.8684 22.6120 
ILLITE 0.0961 0.2537 0.4251 0.7226 0.0000 0.0000 1.4975 
MONTMORILLONIT 0.1445 0.1780 0.3707 0.0000 0.0000 0.0000 0.6932 
CHLORITE 0.0254 0.0474 0.2131 0.1631 0.0000 0.0000 0.4490 
MIXED CLAY 1.6418 0.7895 0.1162 0.0000 0.0000 0.0000 2.5476 
QUARTZ 6.3898 7.0709 7.0123 6.5987 2.5425 0.0000 29.6141 
GYPSUM 0.0097 0.0122 0.0856 0.2580 0.0000 0.0000 0.3654 
APATITE 0.0469 0.0573 0.0000 0.0000 0.6545 0.0000 0.7587 
DOLOMITE 0.0444 0.0748 0.0000 0.0000 0.0000 0.0000 0.1191 
CALCITE 0.6646 0.6709 0.8265 0.6164 0.4461 0.0000 3.2246 
FE-RICH 0.0849 0.1856 0.1294 0.4606 0.0000 0.0000 0.8605 
SILICATES 0.3901 0.1450 0.1513 0.1332 0.0000 0.0000 0.8196 
MISCELLANEOUS 9.4544 10.4963 3.1222 1.6686 2.2848 1.3888 28.4150 
TOTALS 21.3879 24.6355 18.1031 19.0106 12.2795 4.2572 99.6738 
Table D-8b. Corrected and normalized AIA data for Dietz No. 1&2 200x0 
mesh coal floated at 1.38 specific gravity. Data played 
back. 26-JUL-8S. No correction factors needed 
ChemistryXSize <4.0 <7.0 <12. <21. <36. >36. TOTALS 
FE-SULFATE | 0. 0566 0. 1446 0. 0498 0. 3450 1. 1435 0. 0000 1. 7395 
PYRITE 1 0. 7167 0. 7802 1. 1882 2. 4901 0. 0000 0. 0000 5. 1753 
PYRITE+MISC. 1 0. 2500 0. 3164 0. 2415 0. 0000 0. 0000 0. 0000 0. 8079 
KAOLINITE 1 1 3798 3. 4280 4, 1897 5. 5818 5. 2289 2. 8778 22. 6859 
ILLITE 1 Ô'. 0964 0. 2545 0. 4265 0. 7250 0. 0000 0. 0000 1. 5024 
MONTMORILLONIT j 0. 1450 0. 1786 0. 3719 0. 0000 0. 0000 0. 0000 0. 6955 
CHLORITE 1 0. 0255 0. 0476 0. 2138 0. 1636 0. 0000 0. 0000 0. 4505 
MIXED CLAY | 1. 6472 0. 7921 0. 1166 0. 0000 0. 0000 0. 0000 2. 5558 
QUARTZ 1 6. 4107 7. 0940 7. 0352 6. 6203 2. 5508 0. 0000 29. 7111 
GYPSUM 1 0. 0097 0. 0122 0. 0859 0. 2588 0. 0000 0. 0000 0. 3667 
APATITE 1 0. 0471 0. 0575 0. 0000 0. 0000 0. 6566 0. 0000 0. 7612 
DOLOMITE 1 0. 0445 0. 0750 0. 0000 0. 0000 0. 0000 0. 0000 0. 1196 
CALCITE 1 0. 6668 0. 6731 0. 8292 0. 6184 0. 4476 0. 0000 3. 2350 
FE-RICH 1 0. 0852 0. 1862 0. 1298 0. 4621 0. 0000 0. 0000 0. 8633 
SILICATES 1 0. 3914 0. 1455 0. 1518 0. 1336 0. 0000 0. 0000 0. 8223 
MISCELLANEOUS | 9. 4853 10. 5306 3. 1324 1. 6741 2. 2923 1. 3933 28. 5081 
TOTALS 1 21, 4579 24. 7162 18. 1622 19. 0729 12. 3197 4. 2711 1100. 0000 
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APPENDIX E: AIA WEIGHT FRACTION DATA FOR CHEMICALLY-CLEANED COALS 
This appendix contains the raw AIA data for the five samples of 
chemically-cleaned coal samples. Two data tables are included for each 
sample. The first table in each pair is the raw data as generated by the 
image analysis programs. The second table of the pair is the data 
following correction to a consistent area base, correction for spurious 
categories, such as the NO/LOW XRAY category, and normalization to 100% 
of the mineral matter. 
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Table E-la. Raw AIA data for Illinois No. 6 14x0 mesh raw coal. Data 
played back ll-SEP-85 
ChemistryNSize <6.3 <20. <63. <200 <632 >632 TOTALS 
FE-SULFATE | 0.0035 0.0496 1.3794 1.2737 0.0000 0.0000 2.7062 
PYRITE 1 0.0725 0.3525 10.4208 7.5535 0.0000 0.0000 18.3993 
PYRITE+MISC. 1 0.0177 0.0260 0.4630 1.4577 0.0000 0.0000 1.9644 
KAOLINITE 1 0.1395 0.3133 3.8224 2.6640 5.7359 0.0000 12.6751 
ILLITE 1 0.1710 0.3213 7.7244 9.8819 15.0967 0.0000 33.1953 
MONTMORILLONITI 0.0009 0.0000 0.0170 0.0000 0.0000 0.0000 0.0179 
CHLORITE 1 0.0015 0.0000 0.2978 0.0922 0.0000 0.0000 0.3915 
MIXED CLAY | 0.0640 0.1109 2.0684 2.1847 0.0000 0.0000 4.4280 
QUARTZ 1 0.3431 0.6160 8.9753 4.9091 1.8469 0.0000 16.6904 
GYPSUM 1 0.0021 0.0000 0.0000 0.0000 0.0000 0.0000 0.0021 
APATITE 1 0.0004 0.0000 0.0107 0.0000 0.0000 0.0000 0.0111 
DOLOMITE 1 0.0000 0.0021 0.0000 0.0000 0.0000 0.0000 0.0021 
CALCITE 1 0.0067 0.0095 0.1983 0.3407 1.4653 0.0000 2.0205 
FE-RICH 1 0.0009 0.0009 0.1641 0.0000 0.0000 0.0000 0.1659 
SILICATES j 0.0220 0.0415 1.0689 0.3576 0.0000 0.0000 1.4900 
MISCELLANEOUS | 0.0687 0.1961 1.3960 1.3223 0.0000 0.0000 2.9831 
TOTALS 1 0.9145 2.0397 38.0065 32.0374 24.1448 0.0000 97.1429 
Table E-lb. Corrected and normalized AIA data for Illinois No. 6 14x0 
mesh raw coal. Data played back ll-SEP-85. Correction 
factors: 24.89, 1.00, 1.00 for columns 1-2, 3-4, 5-6 
ChemistryXSize <6.3 <20. <63. <200 <632 >632 TOTALS 
FE-SULFATE | 0. 0519 0. 7361 0. 8225 0. 7594 0. 0000 0 .0000 2. 3699 
PYRITE 1 1. 0759 5. 2311 6 = 2134 4. 5038 0. 0000 0 .0000 17. 0241 
PYRITE+MISC. 1 0. 2627 0. 3858 0. 2761 0. 8692 0. 0000 0 .0000 1. 7937 
KAOLINITE 1 2. 0702 4. 6494 2. 2791 1. 5884 3. 4200 0 .0000 14. 0071 
ILLITE 1 2. 5376 4. 7681 4. 6057 5. 8921 9. 0014 0 .0000 26. 8048 
MONTMORILLONITI 0. 0134 0. 0000 0. 0101 0. 0000 0. 0000 0 .0000 0. 0235 
CHLORITE 1 0. 0223 0. 0000 0. 1776 0. 0550 0. 0000 0 .0000 0. 2548 
MIXED CLAY | 0. 9498 1. 6458 1. 2333 1. 3026 0. 0000 0 .0000 5. 1314 
QUARTZ 1 5. 0916 9. 1414 5. 3515 2. 9270 1. 1012 0 .0000 23. 6127 
GYPSUM 1 0. 0312 0. 0000 0. 0000 0. 0000 0. 0000 0 .0000 0. 0312 
APATITE 1 0. 0059 0. 0000 0. 0064 0. 0000 0, 0000 0 .0000 0. 0123 
DOLOMITE 1 0. 0000 0. 0312 0. 0000 0. 0000 0. 0000 0 .0000 0. 0312 
CALCITE 1 0. 0994 0. 1410 0. 1182 0. 2031 0. 8737 0 .0000 1. 4355 
FE-RICH 1 0. 0134 0. 0134 0. 0978 0. 0000 0. 0000 0 .0000 0. 1246 
SILICATES 1 0. 3265 0. 6159 0. 6373 0. 2132 0. 0000 0 .0000 1. 7929 
MISCELLANEOUS | 1 0195 2. 9101 0. 8324 0. 7884 0. 0000 0 .0000 5. 5504 
TOTALS 1 13 5711 30. 2690 22. 6613 19. 1022 14. 3963 0 .0000 1100. 0000 
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Table E-2a. Raw AXA data for Illinois No. 6 200x0 mesh coal following 
complete Gravimelt processing. Data played back 21-JAN-86 
Chemistry\Size <6.3 <20. <63. <200 <632 >632 TOTALS 
FE-SULFATE 0.2685 2.4669 0.7417 0.0000 0.0000 0.0000 3.4771 
PYRITE 2.1067 2.6579 0.0000 0.0000 0.0000 0.0000 4.7646 
PYRITE+MISC 0.1910 0.0000 0.0000 0.0000 0.0000 0.0000 0.1910 
KAOLINITE 5.3920 3.8998 0.0000 0.0000 0.0000 0.0000 9.2918 
ILLITE 5.2143 3.4362 1.0538 0.0000 0.0000 0.0000 9.7043 
MONTMORILLONIT 0.1473 0.0840 0.0000 0.0000 0.0000 0.0000 0.2313 
CHLORITE 0.2136 0.4645 0.0000 0.0000 0.0000 0.0000 0.6781 
MIXED CLAY 0.5271 1.2486 0.0000 0.0000 0.0000 0.0000 1.7757 
QUARTZ 8.5865 7.6402 1.4767 0.0000 0.0000 0.0000 17.7034 
GYPSUM 0.1358 0.0755 0.0000 0.0000 0.0000 0.0000 0.2113 
APATITE 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
DOLOMITE 0.2554 0.0905 0.0000 0.0000 0.0000 0.0000 0.3459 
CALCITE 2.6176 2.3740 0.0000 0.0000 0.0000 0.0000 4.9916 
FE-RICH 1.3514 0.5697 0.0000 0.0000 0.0000 0.0000 1.9211 
SILICATES 0.8267 1.8037 0.0000 0.0000 0.0000 0.0000 2.6304 
MISCELLANEOUS 3.7262 9.9527 0.8717 0.0000 0.0000 0.0000 14.5506 
TOTALS 31.5601 36.7642 4.1439 0.0000 0.0000 0.0000 72.4682 
Table E-2b. Corrected and normalized AIA data for Illinois No. 6 14x0 
mesh coal following complete Gravimelt processing. Data 
played back 21-JAN-86. No correction factors needed 
ChemistrySSize <6.3 <20. <63. <200 <632 >632 TOTALS 
FE-SULFATE | 0.3705 3.4041 1.0235 0.0000 0.0000 0.0000 4.7981 
PYRITE 1 2.9071 3.6677 0.0000 0.0000 0.0000 0.0000 6.5747 
PYPvITE+MISC 1 0.2636 0=0000 0.0000 0.0000 0.0000 0.0000 0.2636 
KAOLINITE 1 7.4405 5.3814 0.0000 0.0000 0.0000 0.0000 12.8219 
ILLITE 1 7.1953 4.7417 1.4542 0.0000 0.0000 0.0000 13.3911 
MONTMORILLONIT| 0.2033 0.1159 0.0000 0.0000 0.0000 0.0000 0.3192 
CHLORITE 1 0.2947 0.6410 0.0000 0.0000 0.0000 0.0000 0.9357 
MIXED CLAY | 0.7274 1.7230 0.0000 0.0000 0.0000 0.0000 2.4503 
QUARTZ 1 11.8486 10.5428 2.0377 0.0000 0.0000 0.0000 24.4292 
GYPSUM 1 0.1874 0.1042 0.0000 0.0000 0.0000 0.0000 0.2916 
APATITE 1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
DOLOMITE 1 .0.3524 0.1249 0.0000 0.0000 0.0000 0.0000 0.4773 
CALCITE 1 3.6121 3.2759 0.0000 0.0000 0.0000 0.0000 6.8880 
FE-RICH 1 1.8648 0.7861 0.0000 0.0000 0.0000 0.0000 2.6510 
SILICATES 1 1.1408 2.4890 0.0000 0.0000 0.0000 0.0000 3.6297 
MISCELLANEOUS | 5.1418 13.7339 1.2029 0.0000 0.0000 0.0000 20.0786 
TOTALS I 43.5503 50.7315 5.7182 0.0000 0.0000 0.0000 |100.0000 
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Table E-3a. Raw AIA data for Pittsburgh No. 8 6x0 mesh raw coal. Data 
played back 13-SEP-85 
Chemistry\Size <6.3 <20. <63. <200 <632 >632 TOTALS 
FE-SULFATE | 0.0697 0.9647 3.1568 7.1966 0.0000 0,0000 11.3878 
PYRITE 1 0.2134 8.5678 9.3665 4.7866 0.0000 0.0000 22.9343 
PYRITE+MISC 1 0.1597 1.6901 0.8033 0.0000 0.0000 0.0000 2.6531 
KAOLINITE 1 1.0144 9.4340 5.9213 4.9709 0.0000 0.0000 21.3406 
ILLITE 1 0.4467 5.6790 6.3281 3.7878 0.0000 0.0000 16.2416 
MONTMORILLONIT1 0.0269 0.1167 0.0000 0.0000 0.0000 0.0000 0.1436 
CHLORITE 1 0.0269 0.4989 0.1744 0.0000 0.0000 0.0000 0.7002 
MIXED CLAY | 0.2250 2.6978 1.7023 1.2729 0.0000 0.0000 5.8980 
QUARTZ 1 0.5859 6.4604 2.6170 3.7062 0.0000 0.0000 13.3695 
GYPSUM 1 0.0060 0.0330 0.2163 0.0000 0.0000 0.0000 0.2553 
APATITE 1 0.0000 0.0248 0.0000 0.0000 0.0000 0.0000 0.0248 
DOLOMITE j 0.0000 0.0139 0.0000 0.0000 0.0000 0.0000 0.0139 
CALCITE 1 0.0021 0.0398 0.0613 0.0000 0.0000 0.0000 0.1032 
FE-RICH 1 0.0023 0.1108 0.5794 0.0000 0.0000 0.0000 0.6925 
SILICATES 1 0.0994 0.5511 0.0950 1.4421 0.0000 0.0000 2.1876 
MISCELLANEOUS | 0.2372 1.3779 0.1921 0.0000 0.0000 0.0000 1.8072 
TOTALS 1 3.1156 38.2607 31.2138 27.1631 0.0000 0.0000 99.7532 
Table E-3b. Corrected and normalized AIA data for Pittsburgh No. 8 6x0 
mesh raw coal. Data played back 13-SEP-85. Correction 
factors: 2.71, 1.00 for columns 1, 2-6 
ChemistryVSize <6.3 <20. <63. <200 <632 >632 TOTALS 
FE-SULFATE | 0. 1800 0. 9179 3. 0038 6. 8478 0. 0000 0. 0000 10. 9495 
PYRITE 1 0. 5512 8. 1525 8. 9125 4. 5546 0. 0000 0. 0000 22. 1707 
PYRITE-rMISC i 0. 4125 1 : 6082 0. 7644 0. 0000 0. 0000 0. 0000 2. 7850 
KAOLINITE 1 2. 6199 8. 9767 5. 6343 4. 7299 0. 0000 0. 0000 21. 9608 
ILLITE 1 1. 1537 5. 4037 6. 0214 3. 6042 0. 0000 0. 0000 16. 1830 
MONTMORILLONIT| 0. 0695 0. 1110 0. 0000 0. 0000 0. 0000 0. 0000 0. 1805 
CHLORITE 1 0. 0695 0. 4747 0. 1659 0. 0000 0. 0000 0. 0000 0. 7101 
MIXED CLAY j 0. 5811 2. 5670 1. 6198 1. 2112 0. 0000 0. 0000 5. 9791 
QUARTZ I 1. 5132 6 .1472 2. 4901 3 .5265 0 .0000 0 .0000 13 .6772 
GYPSUM 1 0 .0155 0 .03-14 0 2058 0 .0000 0 .0000 0 .0000 0 2527 
APATITE 1 0 0000 0 .0236 0 .0000 0 ,0000 0 .0000 0 .0000 0 ,0236 
DOLOMITE 1 0 .0000 0 .0132 0 .0000 0 .0000 0 .0000 0 .0000 0 .0132 
CALCITE 1 0 .0054 0 .0379 0 .0583 0 .0000 0 .0000 0 .0000 0 .1016 
FE-RICH 1 0 .0059 0 .1054 0 .5513 0 .0000 0 .0000 0 .0000 0 .6627 
SILICATES 1 0 .2567 0 .5244 0 .0904 1 .3722 0 .0000 0 .0000 2 .2437 
MISCELLANEOUS j 0 .6126 1 .3111 0 .1828 0 .0000 0 .0000 0 .0000 2 .1065 
TOTALS I 8.0467 36.4061 29.7008 25.8464 0.0000 0.0000 |100.0000 
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Table E-4a. Raw AIA data for Pittsburgh No. 8 6x0 mesh coal following 
partial Gravimelt processing. Data played back 21-JAN-86 
Chemistry\Size <6.3 <20. <63. <200 <632 >632 TOTALS 
FE-SULFATE | 0.0047 0.0196 0.0839 0.0000 0.0000 0.0000 0.1082 
PYRITE 1 0.0000 0.0132 0.0000 0.0000 0.0000 0.0000 0.0132 
PYRITE+MISC. 1 0.0390 0.0942 0.0000 0.0000 0.0000 0.0000 0.1332 
KAOLINITE 1 0.0194 0.0868 0.0000 0.0000 0.0000 0.0000 0.1062 
ILLITE 1 0.2981 3.4260 2.3729 0.6837 0.0000 0.0000 6.7807 
MONTMORILLONITI 0.0034 0.0372 0.0000 0.0000 0.0000 0.0000 0.0406 
CHLORITE 1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
MIXED CLAY | 0.0542 0.1555 0.5137 0.0000 0.0000 0.0000 0.7234 
QUARTZ 1 0.0087 0.3049 0.0000 0.0000 0.0000 0.0000 0.3136 
GYPSUM 1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
APATITE 1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
DOLOMITE 1 0.0000 0.0378 0.0000 0.0000 0.0000 0.0000 0.0378 
CALCITE 1 0.6042 2.5011 0.8270 0.8825 0.0000 0.0000 4.8148 
FE-RICH 1 0.3346 5.3687 5.1955 3.9650 0.0000 0.0000 14.8638 
SILICATES i 0.0336 0.0633 0.1129 0.0000 0.0000 0.0000 0.2098 
MISCELLANEOUS | 3.3172 29.3105 19.1991 13.7354 0.0000 0.0000 65.5622 
TOTALS 1 4.7171 41.4188 28.3050 19.2666 0.0000 0.0000 93.7075 
Table E-4b. Corrected and normalized AIA data for Pittsburgh No. 8 6x0 
mesh coal following partial Graviraelt processing. Data 
played back 21-JAN-86. Correction factors: 3.69, 1.00 for 
columns 1, 2-6 
ChemistrySSize <6.3 <20. <63. <200 <632 >632 TOTALS 
FE-SULFATE | 0. 0163 0. 0184 0. 0789 0. 0000 0. 0000 0. 0000 0. 1136 
PYRITE ! 0. 0000 0. 0124 0. 0000 0. 0000 0. 0000 0. 0000 0. 0124 
PYRITE+MISC. 0. 1353 0. 0885 0. 0000 0. 0000 0. 0000 0. 0000 0. 2238 
KAOLINITE 0. 0673 0. 0816 0. 0000 0. 0000 0. 0000 0. 0000 0. 1489 
ILLITE 1. 0339 3. 2200 2. 2302 0. 6426 0. 0000 0. 0000 7. 1267 
MONTMORILLONIT 0. 0118 0. 0350 0. 0000 0. 0000 0. 0000 0. 0000 0. 0468 
CHLORITE 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 
MIXED CLAY 0. 1880 0. 1462 0. 4828 0, 0000 0. 0000 0. 0000 0. 8169 
QUARTZ 0. 0302 0. 2866 0. 0000 0. 0000 0. 0000 0. 0000 0. 3167 
GYPSUM 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 
APATITE 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 
DOLOMITE 0. 0000 0. 0355 0. 0000 0. 0000 0. 0000 0. 0000 0. 0355 
CALCITE 2. 0955 2. 3507 0. 7773 0. 8294 0. 0000 0. 0000 6. 0529 
FE-RICH 1. 1604 5. 0459 4. 8831 3. 7266 0. 0000 0. 0000 14. 8162 
SILICATES 0. 1165 0. 0595 0. 1061 0. 0000 0. 0000 0. 0000 0. 2821 
MISCELLANEOUS 11. 5046 27. 5484 18. 0449 12. 9096 0. 0000 0. 0000 70. 0074 
TOTALS 16, 3597 38. 9287 26 6033 18. 1083 0 0000 0 0000 1100. 0000 
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Table E-5a. Raw AIA data for Pittsburgh No. 8 6x0 mesh coal following 
complete Gravimelt processing. Data played back 22-JAN-86 
ChemistryVSize <6.3 <20. <63. <200 <632 >632 TOTALS 
FE-SULFATE 0.0013 0.0000 0.2987 0.0000 0.0000 0.0000 0.3000 
PYRITE 0.2182 0.6352 4.9586 12.7555 33.9774 0.0000 52.5449 
PYRITE+MISC. 0.0750 0.0776 0.0000 0.0000 0.0000 0.0000 0.1526 
KAOLINITE 2.1442 4.8588 1.9766 11.3799 0.0000 0.0000 20.3595 
ILLITE 0.6047 0.8635 0.1322 0.0000 0.0000 0.0000 1.6004 
MONTHORILLONIT 0.2090 0.1689 0.1243 0.0000 0.0000 0.0000 0.5022 
CHLORITE 0.0126 0.0410 0.0000 0.0000 0.0000 0.0000 0.0536 
MIXED CLAY 0.3051 0.4631 0.1498 0.0000 0.0000 0.0000 0.9180 
QUARTZ 1.7161 2.7740 1.2787 1.2321 0.0000 0.0000 7.0009 
GYPSUM 0.0466 0.0332 0.0000 0.0000 0.0000 0.0000 0.0798 
APATITE 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
DOLOMITE 0.0209 0.0293 0.0000 0.0000 0.0000 0.0000 0.0502 
CALCITE 0.3438 0.6224 0.4778 0.0000 0.0000 0.0000 1.4440 
FE-RICH 0.1145 0.1963 0.0000 0.0000 0.0000 0.0000 0.3108 
SILICATES 0.1350 0.1684 0.0000 0.0000 0.0000 0.0000 0.3034 
MISCELLANEOUS 2.7950 5.0108 1.4557 0.0000 0.0000 0.0000 9.2615 
TOTALS 8.7420 15.9425 10.8524 25.3675 33.9774 0.0000 94.8818 
Table E-5b. Corrected and normalized AIA data for Pittsburgh No. 8 6x0 
mesh coal following complete Gravimelt processing. Data 
played back 22-JAN-86. Correction factors: 1.00, 1.00, 0.00 
for columns 1-2, 3-4, 5-6. (Column 5 contained a single 
spurious particle.) 
ChemistryNSize <6.3 <20. <63. <200 <632 >632 TOTALS 
FE-SULFATE j 0.0021 0.0000 0.4904 0.0000 0.0000 0.0000 0.4926 
PYRITE 1 0.3583 1.0429 8.1416 20.9435 0.0000 0.0000 30.4863 
PYRITE+MISC. 1 0.1231 0.1274 0.0000 0.0000 0.0000 0.0000 0.2506 
KAOLINITE 1 3.5206 7.9777 3.2454 18.6849 0.0000 0.0000 33.4286 
ILLITE 1 0.9929 1.4178 0.2171 0.0000 0.0000 0.0000 2.6277 
MONTMORILLONITj 0.3432 0.2773 0.2041 0.0000 0.0000 0.0000 0.8246 
CHLORITE 1 0.0207 0.0673 0.0000 0.0000 0.0000 0.0000 0.0880 
MIXED CLAY j 0.5009 0.7604 0.2460 0.0000 0.0000 0.0000 1.5073 
QUARTZ 1 2.8177 4.5547 2.0995 2.0230 0.0000 0.0000 11.4949 
GYPSUM 1 0.0765 0.0545 0.0000 0.0000 0.0000 0.0000 0.1310 
APATITE 1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
DOLOMITE 1 0.0343 0.0481 0.0000 0.0000 0.0000 0.0000 0.0824 
CALCITE 1 0.5645 1.0219 0.7845 0.0000 0.0000 0.0000 2.3709 
FE-RICH 1 0.1880 0.3223 0.0000 0.0000 0.0000 0.0000 0.5103 
SILICATES 1 0.2217 0.2765 0.0000 0.0000 0.0000 0.0000 0.4982 
MISCELLANEOUS | 4.5892 8.2273 2.3901 0.0000 0.0000 0.0000 15.2066 
TOTALS 1 14.3536 26.1763 17.8187 41.6513 0.0000, 0.0000 |100.0000 
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APPENDIX F: 
AIA COUNT AND PRECISION DATA FOR PHYSICALLY-CLEANED COALS 
This appendix contains tables of count distributions and standard 
deviations for the eight samples of raw and physically-cleaned coals. 
Three data tables are included for each sample. The first table for each 
sample is the table of particle counts distributed by mineral phase and 
particle size. The second table is the relative standard deviation 
calculated as one over the square root of the count, times 100%, except 
for the last column. For the last column, the relative standard 
deviation is calculated as the absolute standard deviation (from the 
third table in each series) divided by the weight fraction from Tables 
17a-24a in the results section. The third table for each sample is the 
absolute standard deviation in the weight fraction calculated as the 
weight fraction divided by the square root of the -count, except for the 
last column. This is equivalent to multiplying the weight fraction by 
the relative standard deviation. For the last column, the standard 
deviation is calculated as the root of the sum of the squared standard 
deviations for columns one through six. 
Confidence limits may be calculated for the distributions by 
multiplying the standard deviation by a factor of two. 
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Table F-la. AIA count data for Illinois No. 6 200x0 mesh rav coal. 
Data played back 9-SEP-85 
Chemistry\Size 1 <4. <7. <12. <21. <36. >36. Totals 
PE-SULFATE | 12. 22. 21. 13. 16. 8. 92. 
PYRITE 1 61. 238. 184. 90. 112. 40. 725. 
PYRITE+MISC 1 15. 26. 17. 3. 6. 1. 68. 
KAOLINITE 1 160. 515. 244. 69. 51. 18. 1057. 
ILLITE 1 31. 145. 103. 33. 41. 13. 366. 
MONTMORILLONITI 1. 6. 3. 2. 1. 0. 13. 
CHLORITE 1 36. 103. 54. 10. 11. 4. 218. 
MIXED CLAY j 15. 41. 24. 5. 5. 4. 94. 
QUARTZ 1 232. 713. 415. 113. 85. 28. 1586. 
GYPSUM 1 5. 15. 9. 1. 1. 0. 31. 
APATITE 1 2. 5. 5. 1. 1. 1. 15. 
DOLOMITE j 0. 1. 1. 0. 2. 0. 4. 
CALCITE 1 8. 28. 43. 14. 32. 11. 136. 
FE-RICH 1 5. 25. 8. 4. 2. 1. 45. 
SILICATES I 15. 25. 24. 4. 10. 3. 81. 
MISCELLANEOUS | 5. 14. 13. 4. 4. 2. 42. 
TOTALS 1 603. 1922. 1168. 366. 380. 134. 4573. 
Table F-lb. Relative standard deviation data for Illinois No. 6 200x0 
mesh raw coal, calculated as one over the square root of 
the counts 
Chemistry\Size 1 <4. <7. <12. <21. <36. >36. Totals 
FE-SULFATE | 28. 9 21. 3 21. 8 27. 7 25. 0 35. 4 14. 0 
PYRITE 1 12. 8 6. 5 7. 4 10. 5 9. 4 15. 8 5. 4 
PYRITE+MISC 25. S 19 = 6 24. 3 57. 7 40. 8 100. 0 14. 6 
KAOLINITE 7. 9 4. 4 6. 4 12. 0 14. 0 23. 6 4. 1 
ILLITE 18. 0 8. 3 9. 9 17. 4 15. 6 27. 7 8. 6 
MONTMORILLONIT 100. 0 40. 8 57. 7 70. 7 100. 0 35. 0 
CHLORITE 16. 7 9. 9 13. 6 31. 6 30. 2 50. 0 10. 1 
MIXED CLAY 25. 8 15. 6 20. 4 44. 7 44. 7 50. 0 13. 6 
QUARTZ 6 6 3 .7 4 .9 9 4 10 .8 18 9 3 ,9 
GYPSUM 44 7 25 .8 33 .3 100 0 100 0 21 .4 
APATITE 70 7 44 .7 44 .7 100 .0 100 .0 100 ,0 54 .0 
DOLOMITE 100 .0 100 .0 70 .7 — 70 .0 
CALCITE 35 .4 18 .9 15 .2 26 .7 17 .7 30 .2 16 .1 
FE-RICH 44 .7 20 .0 35 .4 50 .0 70 .7 100 .0 22 .8 
SILICATES 25 .8 20 .0 20 .4 50 .0 31 .6 57 .7 14 .0 
MISCELLANEOUS 44 .7 26 .7 27 .7 50 .0 50 .0 70 .7 19 .6 
TOTALS 4 .1 2 .3 2 .9 5 .2 5 .1 8 .6 2 .3 
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Table F-lc. Absolute standard deviation data for Illinois No. 6 200x0 
mesh raw coal, calculated as the weight percent divided by 
the square root of the counts 
Chemistry\Size <4. <7. <12. <21. <36. >36. Totals 
FE-SULFATE 0.024 0.012 0.009 0.020 0.019 0.055 0.068 
PYRITE 0.093 0.061 0.041 0.093 0.093 0.252 0.308 
PYRITE+MISC. 0.026 0.010 0.007 0.011 0.009 0.009 0.034 
KAOLINITE 0.080 0.047 0.024 0.038 0.032 0.088 0.139 
ILLITE 0.037 0.028 0.017 0.028 0.031 0.107 0.125 
MONTMORILLONIT 0.005 0.004 0.002 0.007 0.004 0.011 
CHLORITE 0.043 0.024 0.012 0.015 0.018 0.061 0.083 
MIXED CLAY 0.024 0.012 0.007 0.008 0.008 0.026 0.040 
QUARTZ 0.096 0.055 0.031 0.049 0.041 0.160 0.207 
GYPSUM 0.012 0.006 0.004 0.004 0.003 — — 0.015 
APATITE 0.011 0.006 0.004 0.009 0.006 0.052 0.054 
DOLOMITE • • ~ — 0.002 0.002 — — —  0.007 —  —  —  0.007 
CALCITE 0.019 0.012 0.011 0.018 0.029 0.130 0.137 
FE-RICH 0.017 0.011 0.005 0.011 0.005 0.028 0.036 
SILICATES 0.025 0.010 0.008 0.009 0.015 0.023 0.040 
MISCELLANEOUS 0.013 0.007 0.004 0.006 0.009 0.013 0.023 
TOTALS 0.172 0.102 0.062 0.114 0.114 0.355 0.442 
Table F-2a. AIA count data for Illinois No. 6 200x0 mesh coal floated 
at 1.3 specific gravity. Data played back 25-JUL-85 
Chemistry\Size| <4. <7. <12. <21. <36. >36. Totals 
FE-SULFATE | 38. 14. 4. 2. 2. 0. 60. 
PYRITE 1 433. 184. 101. 20. 1. 0. 739. 
PYRITE+MISG ! 51, 12. 3. 1. 0. 0. 67. 
KAOLINITE 1 766. 268. 49. 5. 2. 0. 1090. 
ILLITE 1 243. 112. 45. 12. 0. 0. 412. 
MONTMORILLONIT 1 8. 3. 0. 0. 0. 0. 11. 
CHLORITE 1 22. 12. 3. 1. 0. 0. 38. 
MIXED CLAY j 110. 15. 6. 0. 0. 0. 131. 
QUARTZ 1 1072. 326. 103. 18. 2. 0. 1521. 
GYPSUM 1 4. 2. 0. 0. 0. 0. 6. 
APATITE 1 6. 0. 1. 0. 0. 0. 7. 
DOLOMITE 1 0. 0. 0. 0. 0. 0. 0. 
CALCITE 1- 7. 6. 4. 1. 0. 0. 18. 
FE-RICH 1 48. 6. 1. 2. 0. 0. 57. 
SILICATES 1 209. 33. 10. 2. 0. 0. 254. 
MISCELLANEOUS 1 211. 42. 7. 0. 0. 0. 260. 
TOTALS I 3228. 1035. 337. 64. 7. 0. | 4671. 
Table F-2b. Relative standard deviation data for Illinois No. 6 200x0 
mesh coal floated at 1.3 specific gravity, calculated as 
one over the square root of the counts 
Chemistry\Size <4. <7. <12. <21. <36. >36. Totals 
FE-SULFATE 16.2 26.7 50.0 70.7 70.7 35.0 
PYRITE 4.8 7.4 10.0 22.4 100.0 — — — 6.4 
PYRITE+MISC 14.0 28.9 57.7 100.0 —  —  —  — -  —  —  26.7 
KAOLINITE 3.6 6.1 14.3 44.7 70.7 -  ! •  — 6.9 
ILLITE 6.4 9.4 14.9 28.9 — — —  —  — —  8.3 
MONTMORILLONIT 35.4 57.7 • •  —  • '  — — —  — — —  — — — 32.4 
CHLORITE 21.3 28.9 57.7 100.0 —  —  —  — — — 27.9 
MIXED CLAY 9.5 25.8 40.8 — — —  — — —  —  — —  13.5 
QUARTZ 3.1 5.5 9.9 23.6 70.7 —  5.5 
GYPSUM 50.0 70.7 — — — — —  —  "  — "  — 54.8 
APATITE 40.8 — — —  100.0 — —  —  — — —  — 58.9 
DOLOMITE —  —  —  — — — —  —  —  —  —  —  —  —  —  — — — — ^  
CALCITE 37.8 40.8 50.0 100.0 — — — —  — —  35.4 
FE-RICH 14.4 40.8 100.0 70.7 • — — —  — — — 32.0 
SILICATES 6.9 17.4 31.6 70.7 —' — — 12.9 
MISCELLANEOUS 6.9 15.4 37.8 8.5 
TOTALS 1.8 3.1 5.4 12.5 37.8 3.1 
Table F-2c. Absolute standard deviation data for Illinois No. 6 200x0 
mesh coal floated at 1.3 specific gravity, calculated as 
the weight percent divided by the square root of the counts 
ChemistryXSize] <4. <7. <12. <21. <36. >36. Totals 
FE-SULFATE | 0.001 0.003 0.004 0.012 0.025 0.028 
FYSxTE j 0.008 0,019 0,041 0.047 0.022 ——— 0.069 
PYRITE+MISC. 1 0.001 0.002 0.003 0.007 — — — ——— 0.008 
KAOLINITE 1 0.006 0.011 0.014 0.013 0.026 — — — 0.035 
ILLITE 1 0.004 0.008 0.014 0.019 — • III " - 0.025 
MONTMORILLONIT1 0.000 0.001 — — — — — — I— — 1" — 0.001 
CHLORITE 1 0.001 0.002 0.004 0.005 — — — 0.007 
MIXED CLAY | 0.002 0.003 0.005 — — " — 0.006 
QUARTZ 1 0.006 0.013 0.021 0.026 0.025 —— — 0.043 
GYPSUM 1 0.000 0.001 — — — — — — ——— —  — —  0.001 
APATITE 1 0.001 — — —• 0.002 ——— — — — — — — 0.002 
DOLOMITE 1 — — — — — — — — — 1" — • — — — — — — 0.000 
CALCITE 1 0.000 0.002 0.005 0.005 — — — — — — 0.007 
FE-RICH 1 0.001 0.002 0.004 0.007 — — —• — — — 0.009 
SILICATES 1 0.002 0.004 0.006 0.008 — — — — —— 0.011 
MISCELLANEOUS j 0.002 0.004 0.004 0.006 
TOTALS I 0.012 0.027 0.048 0.058 0.048 —— I 0.095 
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Table F-3a. AIÀ count data for Pittsburgh 200x0 mesh raw coal. Data 
played back, 22-JUL-85 
Chemistry\Size| <4. <7. <12. <21. <36. >36. Totals 
FE-SULFATE | 24. 46. 21. 20. 26. 13. 150. 
PYRITE 1 182. 482. 266. 94. 89. 41. 1154. 
PYRITE+MISC 1 13. 30. 16. 3. 0. 0. 62. 
KAOLINITE 1 218. 576. 201. 36. 25. 2. 1058. 
ILLITE 1 152. 416. 127. 30. 12. 5. 742. 
MONTMORILLONITl 16. 16. 2. 0. 0. 0. 34. 
CHLORITE 1 30. 49. 26. 8. 10. 2. 125. 
MIXED CLAY | 37. 75. 22. 4. 4. 3. 145. 
QUARTZ 1 89. 222. 129. 32. 16. 4. 492. 
GYPSUM 1 3. 8. 2. 0. 0. 0. 13. 
APATITE 1 0. 1. 1. 0. 0. 0. 2. 
DOLOMITE 1 0. 3. 2. 0. 0. 0. 5. 
CALCITE I 13. 43. 11. 3. 2. 0. 72. 
FE-RICH 1 24. 60. 23. 6. 7. 4. 124. 
SILICATES 1 4. 12. 12. 4. 1. 2. 35. 
MISCELLANEOUS | 142. 315. 59. 9. 9. 7. 541. 
TOTALS 1 947. 2354. 920. 249. 201. 83. 4754. 
Table F-3b. Relative standard deviation data for Pittsburgh 200x0 mesh 
raw coal, calculated as one over the square root of the 
counts 
Chemistry\Size| <4. <7. <12. <21. <36. >36. Totals 
FE-SULFATE | 20.4 14.7 21.8 22.4 19.6 27.7 13.1 
PYRITE 1 7.4 4.6 6.1 10.3 10.6 15.6 5.8 
PYRITE+MISC ! 27,7 18.3 25.0 57.7 — — — 15.9 
KAOLINITE 1 6.8 4.2 7.1 16.7 20.0 70.7 3.9 
ILLITE 1 8.1 4.9 8.9 18.3 28.9 44.7 5.4 
MONTMORILLONITl 25.0 25.0 70.7 — — — — — —• —— — 16.3 
CHLORITE 1 18.3 14.3 19.6 35.4 31.6 70.7 16.8 
MIXED CLAY \ 16.4 11.5 21.3 50.0 50.0 57.7 20.4 
QUARTZ 1 10.6 6.7 8.8 17.7 25.0 50.0 7.2 
GYPSUM 1 57.7 35.4 70.7 ——— — — —  ———- 29.0 
APATITE ( — — •— 100.0 100.0 — ——• —  — —  89.7 
DOLOMITE 1 — — — 57.7 70.7 — " •• — '  —  — —  56.8 
CALCITE 1 27.7 15.2 30.2 57.7 70.7 "  — —  15.1 
FE-RICH 1 20.4 12.9 20.9 40.8 37.8 50.0 20.4 
SILICATES 1 50.0 28.9 28.9 50.0 100.0 70.7 41.8 
MISCELLANEOUS 1 8.4 5.6 13.0 33.3 33.3 37.8 13.7 
TOTALS 3.2 2.1 3.3 6.3 7.1 11.0 | 3.2 
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Table F-3c. Absolute standard deviation data for Pittsburgh 200x0 mesh 
raw coal, calculated as the weight percent divided by the 
square root of the counts 
Chemistry\Size| <4. <7. <12. <21. <36. >36. Totals 
FE-SULFATE | 0.002 0.006 0.008 0.019 0.020 0.052 0.060 
PYRITE 1 0.010 0.029 0.041 0.072 0.062 0.206 0.233 
PYRITE+MISC. 1 0.001 0.004 0.005 0.007 •• — — —  0.009 
KAOLINITE 1 0.006 0.017 0.018 0.021 0.016 0.012 0.038 
ILLITE 1 0.005 0.014 0.015 0.020 0.015 0.024 0.040 
MONTMORILLONITl 0.001 0.003 0.002 — — — — — — 1— — ••• 0.003 
CHLORITE 1 0.002 0.006 0.008 0.011 0.013 0.027 0.034 
MIXED CLAY | 0.002 0.006 0.005 0.010 0.007 0.035 0.038 
QUARTZ 1 0.004 0.010 0.015 0.021 0.013 0.029 0.042 
GYPSUM 1 0.001 0.002 0.001 — — — ——— —^  — 0.002 
APATITE 1 — — — 0.001 0.002 •• 1 —* — — ——— 0.002 
DOLOMITE 1 ™ 0.001 0.002 — — — • - ' II ' 0.003 
CALCITE 1 0.001 0.005 0.004 0.008 0.005 — — —  0.011 
FE-RICH 1 0.002 0.006 0.007 0.014 0.008 0.044 0.048 
SILICATES 1 0.001 0.002 0.005 0.007 0.003 0.040 0.041 
MISCELLANEOUS | 0.004 0.012 0.009 0.011 0.010 0.079 0.082 
TOTALS 1 0.014 0.040 0.050 0.082 0.070 0.229 0.262 
Table F-4a. AIA count data for Pittsburgh 200x0 mesh coal floated at 
1.3 specific gravity. Data played back 14-SEP-85 
Chemistry\Size| <4. <7. <12. <21. <36. >36. Totals 
FE-SULFATE | 4. 5. 1. 1. 0. 0. 11. 
PYRITE 1 316. 193. 77. 6. 0. 0. 592. 
PYRITE+MISC 1 55. 13. 2. 0. 0. 0. 70. 
KAOLINITE i 1202. 490. 82. 7. 0. 0. 1781. 
ILLITE j 475. 368. 57. 1. 0. 0. 901. 
MONTMORILLONIT| 111. 27. 9. 0. 0. 0. 147. 
CHLORITE 1 45. 34. 1. 0. 0. 0. 80. 
MIXED CLAY | 104. 35. 8. 0. 0. 0. 147. 
QUARTZ 1 288. 219. 35. 3. 0. 0. 545. 
GYPSUM 1 15. 2. 0. 0. 0. 0. 17. 
APATITE 1 0. 0. 0. 0. 0. 0. 0. 
DOLOMITE 1 . 1. 2. 1. 0. 0. 0. 4. 
CALCITE 1 9. 15. 3. 1. 0. 0. 28. 
FE-RICH 1 10. 4. 1. 1. 0. 0. 16. 
SILICATES 1 23. 10. 0. 0. 0. 0. 33. 
MISCELLANEOUS j 147. 47. 6. 3. 0. 0. 203. 
TOTALS 1 2805. 1464. 283. 23. 0. 0. 4575. 
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Table F-4b. Relative standard deviation data for Pittsburgh 200x0 mesh 
coal floated at 1.3 specific gravity, calculated as one 
over the square root of the counts 
Chemistry\Size| <4. <7. <12. <21. <36. >36. Totals 
FE-SULFATE | 50.0 44.7 100.0 100.0 57.1 
PYRITE 1 5.6 7.2 11.4 40.8 ———. • 1 • 5.6 
PYRITE+MISC 1 13.5 27.7 70.7 — — — — • —— — 13.6 
KAOLINITE 1 2.9 4.5 11.0 37.8 —  .  —  — —  3.0 
ILLITE 1 4.6 5.2 13.2 100.0 ——— 3.7 
MONTMORILLONITI 9.5 19.2 33.3 — — — — — —  9.5 
CHLORITE 1 14.9 17.1 100.0 — — —' — — ^ — 11.9 
MIXED CLAY | 9.8 16.9 35.4 — — " '1 • — 9.4 
QUARTZ 1 5.9 6.8 16.9 57.7 — — —- —— — 5.3 
GYPSUM 1 25.8 70.7 ——— ——— — — — — — — 24.5 
APATITE 1 —•—— — — —  — —  — — — ' 1 — — • 
DOLOMITE 1 100.0 70.7 100.0 • • — — — —— — 68.5 
CALCITE 1 33.3 25.8 57.7 100.0 — — — — ••  — 24.4 
FE-RICH 1 31.6 50.0 100.0 100.0 —  — —  — — — 44.1 
SILICATES 1 20.9 31.6 — —  —  —  — — ^  — 21.4 
MISCELLANEOUS | 8.2 14.6 40.8 57.7 3.9 
TOTALS 1 1.9 2.6 5.9 20.9 2.0 
Table F-4c. Absolute standard deviation data for Pittsburgh 200x0 mesh 
coal floated at 1.3 specific gravity, calculated as the 
weight percent divided by the square root of the counts 
Chemistry\Size| <4. <7. <12. <21. <36. >36. Totals 
FE-SUFATE | 0.001 0.002 0.002 0.008 0.009 
PYRITE ! 0.016 0.017 0.032 0.029 •— — — 0.049 
PYRITE+MISC. 1 0.003 0.003 0.002 — — — —  — —  — — — 0.005 
KAOLINITE 1 0.015 0.016 0.016 0.014 ' • •" — — — 0.031 
ILLITE 1 0.011 0.015 0.015 0.004 ^—— — — — 0.024 
MONTMORILLONITI 0.004 0.003 0.004 —^ — — —'  — 0.007 
CHLORITE 1 0.003 0.005 0.002 —— — 1 — • — — — 0.006 
MIXED CLAY | 0.005 0.004 0.006 — — — — —— —  —  — 0.008 
QUARTZ • 1 0.008 0.010 0.011 0.010 —  —  — — —- 0.019 
GYPSUM 1 0.001 0.001 ——— ——— — — — — — — 0.001 
APATITE 1 — — — — — — — — —  — —  ——— 0.000 
DOLOMITE 1 0.000 0.001 0.003 — — — 0.004 
CALCITE 1 0.001 0.003 0.003 0.005 —  — —  — — — 0.006 
PE-RICH 1 0.001 0.002 0.C04 0.007 — — — — — —  0.008 
SILICATES 1 0.001 0.002 — — — — — — — 0.003 
MISCELLANEOUS | 0.005 0.005 0.004 0.012 0.014 
TOTALS 1 0.026 0.030 0.039 0.036 1 0.066 
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Table F-5a. AIA count data for Adaville No. 11 200x0 mesh raw coal. 
Data played back 19-DEC-85 
Chemistry\Size <4. 
V
 <12. <21. <36. >36. Totals 
FE-SULFATE 1. 0. 3. 7. 1. 3. 15. 
PYRITE 5. 1. 8. 2. 2. 4. 22. 
PYRITE+MISC 1. 0. 1. 0. 0. 0. 2. 
KAOLINITE 25. 17. 81. 45. 31. 11. 210. 
ILLITE 1. 4. 30. 6. 7. 10. 58. 
MONTMORILLONIT 5. 1. 24. 11. 16. 7. 64. 
CHLORITE 1. 1. 3. 3. 3. 2. 13. 
MIXED CLAY 5. 1. 13. 12. 5. 3. 39. 
QUARTZ 175. 78. 230. 144. 150. 118. 895. 
GYPSUM 0. 0. 0. 0. 0. 0. 0. 
APATITE 9. 3. 55. 25. 17. 15. 124. 
DOLOMITE 0. 0. 2. 1. 0. 0. 3. 
CALCITE 3. 2. 15. 7. 2. 2. 31. 
FE-RICH 30. 21. 86. 53. 49. 45. 284. 
SILICATES 0. 0. 1. 2. 1. 0. 4. 
MISCELLANEOUS 257. 254. 340. 133. 44. 12. 1040. 
TOTALS 518. 383. 892. 451. 328. 232. 2804. 
Table F-5b. Relative standard deviation data for Adaville No. 11 200x0 
mesh raw coal, calculated as one over the square root of 
the counts 
Chemistry\Size| <4. <7. <12. <21. <36. >36. Totals 
FE-SULFATE | 100.0 57.7 37.8 100.0 57.7 42.7 
PYRITE 1 44.7 100.0 35.4 70.7 70.7 50.0 28.0 
PYRITE+MISC 1 100.0 — — — 100.0 — — —  — 1 112.4 
KAOLINITE 1 20.0 24.3 11.1 14.9 18.0 30.2 9.9 
ILLITE 1 100.0 50.0 18.3 40.8 37.8 31.6 22.5 
MONTMORILLONIT| 44.7 100.0 20.4 30.2 25.0 37.8 26.7 
CHLORITE 1 100.0 100.0 57.7 57.7 57.7 70.7 50.9 
MIXED CLAY | 44.7 100.0 27.7 28.9 44.7 57.7 31.5 
QUARTZ 1 7.6 11.3 6.6 8.3 8.2 9.2 5.0 
GYPSUM 1 —  —  —  —  —  —  — —  —  — — —  —  —  —  — — —  — — 
APATITE 1 33.3 57.7 13.5 20.0 24.3 25.8 15.5 
DOLOMITE 1 — —  — — —  70.7 100.0 — —  —  —  56.2 
CALCITE 1 57.7 70.7 25.8 37.8 70.7 70.7 36.1 
FE-RICH 1 18.3 21.8 10.8 13.7 14.3 14.9 10.9 
SILICATES 1 —  —  —  — " — 100.0 70.7 100.0 —  — —  50.1 
MISCELLANEOUS | 6.2 6.3 5.4 8.7 15.1 28.9 4.0 
TOTALS 1 4.4 5.1 3.3 4.7 5.5 6.6 3.2 
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Table F-5c. Absolute standard deviation data for Adaville No. 11 200x0 
mesh raw coal, calculated as the weight percent divided by 
the square root of the counts 
Chemistry\Size1 <4. <7. <12. <21. <36. >36. Totals 
FE-SULFATE | 0.001 0.006 0.003 0.031 0.032 
PYRITE 1 0. 016 — — — 0.004 0.004 0.007 0.027 0.033 
PYRITE+MISC. 1 — — — ——— 0.002 — — — • ' — ' m mm mm 0.002 
KAOLINITE 1 0 .007 0 026 0.007 0.016 0.015 0.038 0.052 
ILLITE 1 0 018 0.005 0.007 0.009 0.067 0.071 
MONTMORILLONITj — —— — — — 0.004 0.006 0.010 0.068 0.069 
CHLORITE 1 — — ——— 0.002 0.004 0.006 0.035 0.036 
MIXED CLAY | —— — 0.003 0.009 0.006 0.033 0.035 
QUARTZ 1 0 .024 0 .048 0.013 0.029 0.039 0.154 0.171 
GYPSUM 1 —'— — — — — — — —— — 0.000 
APATITE 1 0 .012 0 .020 0.008 0.014 0.017 0.092 0.097 
DOLOMITE 1 ' • •• — — — 0.001 0.002 — — — 0.002 
CALCITE 1 ™  — —  ——— 0.003 0.007 0.005 0.023 0.025 
PE-RICH 1 0 .013 0 .031 0.009 0.021 0.023 0.234 0.238 
SILICATES 1 • • •• — — — — 0.002 0.005 0.005 — — — 0.007 
MISCELLANEOUS j 0 .028 0 .081 0.015 0.025 0.019 0.046 0.104 
TOTALS 1 0 .042 0 .104 0.026 0.052 0.057 0.297 1 0.328 
Table F-6a. AIA count data for Adaville No. 11 200x0 mesh coal floated 
at 1.4 specific gravity. Data played back 19-DEC-85 
Chemistry\Size1 <4. <7. <12. <21. <36. >36. Totals 
FE-SULFATE | 5. 2. 4. 0. 0. 0. 11. 
PYRITE 1 9. 3. 5. 4. 1. 0. 22. 
PYRITE+MISC 1 0. 0. 1. 0. 0. 0. 1. 
KAOLINITE 1 57. 31. 56. 12. 3. 0. 159. 
ILLITE 1 14. 3. 12. 4. 0. 0. 33. 
MONTMORILLONIT| 5. 1. 3. 1. 0. 0. 10. 
CHLORITE 1 4. 2. 3. 0. 0. 0. 9. 
MIXED CLAY j 19. 7. 7. 1. 0. 0. 34. 
QUARTZ 1 559. 252. 413. 206. 51. 6. 1487. 
GYPSUM 1 0. 1. 2. 0. 1. 0. 4. 
APATITE 1 27. 30. 29. 2. 0. 0. 88. 
DOLOMITE 1 1. 1. 1. 0. 0. 0. 3. 
CALCITE 1 9. 4. 12. 8. 1. 0. 34. 
FE-RICH 1 75. 29. 44. 12. 2. 0. 162. 
SILICATES 1 2. 2. 1. 5. 2. 0. 12. 
MISCELLANEOUS | 83. 72. 70. 26, 9. 2. 262. 
TOTALS 1 869. 440. 663. 281. 70. 8. 2331. 
Table F-6b. Relative standard deviation data for Adaville No. 11 200x0 
mesh coal floated at 1.4 specific gravity, calculated as 
one over the square root of the counts 
Chemistry\Size| <4. <7. <12. <21. <36. >36. Totals 
PE-SULFATE | 44.7 70.7 50.0 37.0 
PYRITE 1 33.3 57.7 44.7 50.0 100.0 ——— 24.1 
PYRITE+MISC 1 1 • —• «III - — III 100.0 — — —  94.1 
KAOLINITE 1 13.2 18.0 13.4 28.9 57.7 ' "1 — 9.8 
ILLITE 1 26.7 57.7 28.9 50.0 ——— 20.3 
MONTMORILLONITj 44.7 100.0 57.7 100.0 —— — ——— 33.3 
CHLORITE 1 50.0 70.7 57.7 —— — ——— ——— 33.2 
MIXED CLAY | 22.9 37.8 37.8 100.0 —— — ——— 21.3 
QUARTZ 1 4.2 6.3 4.9 7.0 14.0 40.8 3.4 
GYPSUM 1 — —  100.0 70.7 ——— 100.0 —— — 62.9 
APATITE 1 19.2 18.3 18.6 70.7 ——— — — —  13.0 
DOLOMITE 1 100.0 100.0 100.0 — — —  —  —  —  — — —  77.5 
CALCITE j 33.3 50.0 28.9 35.4 100.0 21.0 
FE-RICH 1 11.5 18.6 15.1 28.9 70.7 ——— 9.4 
SILICATES 1 70.7 70.7 100.0 44.7 70.7 — 36.8 
MISCELLANEOUS | 11.0 11.8 12.0 19.6 33.3 70.7 8.5 
TOTALS 1 3.4 4.8 3.9 6.0 12.0 35.4 1 2.7 
Table F-6c. Absolute standard deviation data for Adaville No. 11 200x0 
mesh coal floated at 1.4 specific gravity, calculated as 
the weight percent divided by the square root of the counts 
ChemistryNSizej <4. <7. <12. <21. <36. >36. Totals 
FE-SULFATE | 0.003 0.006 0.002 0.007 
PYRITE 1 0.008 0.012 0.003 0.009 0.009 —  0.019 
PYRITE+MISC. i — — — —  —  —  0.001 — — — — —  —  0.001 
KAOLINITE 1 0.010 0.021 0.006 0.007 0.010 —  0.027 
ILLITE 1 0.006 0.009 0.003 0.004 — — — - —  0.011 
MONTMORILLONITj 0.003 0.003 0.001 0.002 —  —  —  —  —  —  0.004 
CHLORITE 1 0.003 0.004 0.002 —  —  —  — — —  —  —  —  0.005 
MIXED CLAY | 0.005 0.009 0.002 0.002 —  —  — —  0.011 
QUARTZ 1 0.029 0.059 0.017 0.034 0.051 0.037 0.099 
GYPSUM 1 — — —  0.006 0.001 — — —  0.004 —  — —  0.007 
APATITE 1 0.009 0.025 0.005 0.004 — — —  —  — —  0.028 
DOLOMITE 1 0.003 0.001 — —  —  —  —  —  • 1 0.003 
CALCITE 1 0.004 0.008 0.003 0.006 0.006 — — —  0.013 
FE-RICH 1 0.012 0.023 0.006 0.009 0.008 —  —  —  0.029 
SILICATES 1 "• « II —• 0.006 0.001 0.005 0.008 —  —  —  0.012 
MISCELLANEOUS | 0.012 0.031 0.006 0.010 0.017 0.028 0.048 
TOTALS 1 0.037 0.081 0.021 0.039 0.057 0.047 0.124 
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Table F-7a. MA count data for Dietz No. 1&2 200x0 mesh raw coal. Data 
played back 5-AUG-85 
ChemistryNSize| <4. Ci <12. <21. <36. >36. Totals 
FE-SULFATE | 13. 6. 2. 3. 0. 0. 24. 
PYRITE 1 65. 15. 10. 0. 1. 2. 93. 
PYRITE+MISC 1 19. 1. 1. 0. 0. 0. 21. 
KAOLINITE 1 305. 128. 50. 30. 4. 0. 517. 
ILLITE 1 31. 6. 9. 2. 2. 0. 50. 
MONTMORILLONITI 24. 10. 2. 0. 0. 0. 36. 
CHLORITE 1 5. 2. 0. 1. 0. 0. 8. 
MIXED CLAY | 29. 12. 5. 0. 1. 0. 47. 
QUARTZ 1 388. 128. 43. 27. 11. 2. 599. 
GYPSUM 1 23. 9. 1. 0. 0. 0. 33. 
APATITE 1 31. 6. 4. 0. 0. 0. 41. 
DOLOMITE 1 2. 1. 0. 0. 0. 0. 3. 
CALCITE 1 190. 49. 16. 2. 0. 0. 257. 
FE-RICH 1 30. 7. 3. 0. 0. 0. 40. 
SILICATES 1 19. 12. 2. 0. 0. 0. 33. 
MISCELLANEOUS j 806. 223. 52. 10. 1. 0. 1092. 
TOTALS 1 1980. 615. 200. 75. 20. 4. 2894. 
Table F-7b. Relative standard deviation data for Dietz No. 1&2 200x0 
mesh raw coal, calculated as one over the square root of 
the counts 
ChemistryNSize1 <4. <7. <12. <21. <36. >36. Totals 
FE-SULFATE | 27.7 40.8 70.7 57.7 38.0 
PYRITE 1 12.4 25.8 31.6 — — — 100.0 70.7 53.5 
PYRITE+MISC 1 22.9 100.0 100.0 —  —  —  —  —  —  35.2 
BJAOLINITE 1 5.7 8.8 14.1 18.3 50.0 10.4 
ILLITE 1 18.0 40.8 33.3 70.7 70.7 42.4 
MONTMORILLONITI 20.4 31.6 70.7 —  —  —  — —  —  24.6 
CHLORITE 1 44.7 70.7 — — —  100.0 —  —  61.7 
MIXED CLAY | 18.6 28.9 44.7 —  —  —  100.0 50.0 
QUARTZ 1 5.1 8.8 15.2 19.2 30.2 70.7 15.8 
GYPSUM 1 20.9 33.3 100.0 — — —  — — —  26.4 
APATITE 1 18.0 40.8 50.0 — — —  — — —• 24.1 
DOLOMITE 1 70.7 100.0 — —  —  — — —  —  — —  60.8 
CALCITE 1 7.3 14.3 25.0 70.7 —  —  —  10.1 
FE-RICH 1 18.3 37.8 57.7 • — — — — —  24.5 
SILICATES 1 22.9 28.9 70.7 —  — —  —  22.0 
MISCELLANEOUS j 3.5 6.7 13.9 31.6 100,0 7.6 
TOTALS 1 2.2 4.0 7.1 11.5 22.4 50.0 9.7 
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Table F-7c. Absolute standard deviation data for Dietz No. 1&2 200x0 
mesh raw coal, calculated as the weight percent divided by 
the square root of the counts 
Chemistry\Size| <4. <7. <12. <21. <36. >36. Totals 
FE-SULFATE | 0.002 0.004 0.008 0.026 0.028 
PYRITE 1 0.007 0.012 0.025 — 0.058 0.500 0.505 
PYRITE+MISC. 1 0.002 0.002 0.005 — 1 — — 0.006 
KAOLINITE 1 0.008 0.018 0.035 0.082 0.089 — 0.128 
ILLITE 1 0.003 0.004 0.017 0.015 0.096 1 0.098 
MONTMORILLONIT 1 0.002 0.004 0.007 — — —  — — —  —  • — —  0.008 
CHLORITE 1 0.001 0.003 0.011 — — — —  0.011 
MIXED CLAY | 0.002 0.005 0.011 • • — 0.054 0.055 
QUARTZ 1 0.009 0.019 0.030 0.074 0.158 0.227 0.289 
GYPSUM 1 0.002 0.004 0.005 — —  0.007 
APATITE 1 0.003 0.005 0.010 — atm 0.012 
DOLOMITE 1 0.001 0.002 — — —  — —  —  11 — 0.002 
CALCITE 1 0.007 0.012 0.018 0.017 — — —  — —  0.028 
FE-RICH 1 0.003 0.005 0.010 — —  —  —  — —  0.012 
SILICATES 1 0.002 0.006 0.005 —  —  —  — —  —  0.008 
MISCELLANEOUS | 0.013 0.022 0.029 0.041 0.060 0.082 
TOTALS 1 0.021 0.040 0.068 0.123 0.226 0.515 0.581 
Table F-8a. AIA count data for Dietz No. 1&2 200x0 mesh coal floated at 
1.38 specific gravity. Data played back 26-JUL-85 
Chemistry\Size <4. <7. <12. <21. <36. >36. Totals 
FE-SULFATE 6. 4. 1. 1. 2. 0. 14. 
PYRITE 61. 19. 9. 6. 0. 0. 95. 
PYRITE+MISC 37. 12. 3. 0. 0. 0. 52. 
KAOLINITE 171. 133. 61. 28. 10. 2. 405. 
ILLITE 11. 11. 7. 4. 0. 0. 33. 
MONTMORILLONIT 22. 9. 7. 0. 0. 0. 38. 
CHLORITE 3. 2. 2. 1. 0. 0. 8. 
MIXED CLAY 253. 38. 2. 0. 0. 0. 293. 
QUARTZ 922. 307. 101. 34. 4. 0. 1368. 
GYPSUM 1. 1. 1. 1. 0. 0. 4. 
APATITE 5. 2. 0. 0. 1. 0. 8. 
DOLOMITE 5. 2. 0. 0. 0. 0. 7. 
CALCITE 85. 27. 11. 3. 1. 0. 127. 
FE-RICH 9. 7. 2. 2. 0. 0. 20. 
SILICATES 63. 9. 2. 1. 0. 0. 75. 
MISCELLANEOUS 1446. 492. 52. 8. 5. 1. 2004, 
TOTALS 3100. 1075. 261. 
CO 
23. 3. 1 4551. 
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Table F-8b. Relative standard deviation data for Dietz No. 1&2 200x0 
mesh coal floated at 1.38 specific gravity, calculated as 
one over the square root of the counts 
ChemistryXSize <4. <7. <12. <21. <36. >36. Totals 
FE-SULFATE 40.8 50.0 100.0 100.0 70.7 50.8 
PYRITE 12.8 22.9 33.3 40.8 —»— 21.2 
PYRITE+MISC 16.4 28.9 57.7 —. — — — ^  — — — 20.7 
KAOLINITE 7.6 8.7 12.8 18.9 31.6 70.7 12.7 
ILLITE 30.2 30.2 37.8 50.0 — — — ——— 27.0 
MONTMORILLONIT 21.3 33.3 37.8 ••  •  - — • — — 24.0 
CHLORITE 57.7 70.7 70.7 100.0 — — ^  53.0 
MIXED CLAY 6.3 16.2 70.7 —A——" 7.5 
QUARTZ 3.3 5.7 10.0 17.1 50.0 •——— 6.4 
GYPSUM 100.0 100.0 100.0 100.0 — —  ——— 71.6 
APATITE 44.7 70.7 — — — — — —  100.0 —*—— 87.8 
DOLOMITE 44.7 70.7 — —  — — —  — — — — — — 39.9 
CALCITE 10.8 19.2 30.2 57.7 100.0 ——— 19.9 
FE-RICH 33.3 37.8 70.7 70.7 — — — — — 41.5 
SILICATES 12.6 33.3 70.7 100.0 — — ——— 23.2 
MISCELLANEOUS 2.6 4.5 13.9 35.4 44.7 100.0 6.9 
TOTALS 1.8 .3.0 6.2 10.6 20.9 57.7 4.3 
Table F-8c. Absolute standard deviation data for Dietz No. 1&2 200x0 
mesh coal floated at 1.38 specific gravity, calculated as 
the weight percent divided by the square root of the counts 
ChemistryXSize| <4. <7. <12. <21. <36. >36. Totals 
FE-SULFATE | 0.001 0.003 0.002 0.014 0.034 0.037 
PYRITE 1 0.004 0.008 0.017 0.043 ———- —— — 0.046 
PYRITE+MISC. 1 0.002 0.004 0.006 ^ — — — —» — — 0.007 
KAOLINITE 1 0.004 0.012 0.022 0.044 0.069 0.085 0.121 
ILLITE 1 0.001 0.003 0.007 0.015 — — — —— — 0.017 
MONTMORILLONIT1 0.001 0.002 0.006 ———- — — — — — —- 0.007 
CHLORITE 1 0.001 0.001 0.006 0.007 —— — — 0.010 
MIXED CLAY | 0.004 0.005 0.003 — — — —— — — — "  0.008 
QUARTZ 1 0.009 0.017 0.029 0.048 0.053 —  — —  0.080 
GYPSUM 1 0.000 0.001 0.004 0.011 — — — 0.011 
APATITE 1 0.001 0.002 ^ — — 0.027 — • —  0.028 
DOLOMITE 1 0.001 0.002 — — — —  — — — 0.002 
CALCITE 1 0.003 0.005 0.010 0.015 0.019 — — — 0.027 
FE-RICH 1 0.001 0.003 0.004 0.014 — — — 0.015 
SILICATES 1 0.002 0.002 0.005 0.006 — — — 0.008 
MISCELLANEOUS j 0.010 0.020 0.018 0.025 0.043 0.058 0.082 
TOTALS I 0.016 0.032 0.047 0.085 0.108 0.103 | 0.181 
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APPENDIX G: 
AIA COUNT AND PRECISION DATA FOR CHEMICALLY-CLEANED COALS 
This appendix contains tables of count distributions and standard 
deviations for the five samples of raw and chemically-cleaned coals. 
Three data tables are included for each sample. The first table for each 
sample is the table of particle counts distributed by mineral phase and 
particle size. The second table is the relative standard deviation 
calculated as one over the square root of the count, times 100%, except 
for the last column. For the last column, the relative standard 
deviation is calculated as the absolute standard deviation (from the 
third table in each series) divided by the weight fraction from Tables 
25a-29a in the results section. The third table for each sample is the 
absolute standard deviation in the weight fraction calculated as the 
weight fraction divided by the square root of the count, except for the 
last column. This is equivalent to multiplying the weight fraction by 
the relative standard deviation. For the last column, the standard 
deviation is calculated as the root of the sum of the squared standard 
deviations for columns one through six. 
Confidence limits may be calculated for the distributions by 
multiplying the standard deviation by a factor of two. 
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Table G-la. AIÂ count data for Illinois No. 6 14x0 mesh raw coal. Data 
played back ll-SEP-85 
ChemistryNSizej <6.3 <20. <63. <200. <632. >632. Total: 
FE-SULFATE 7. 17. 75. 5. 0. 0. 104 
PYRITE 85. 81. 292. 24. 0. 0. 482 
PYRITE+MISC 36. 14. 29. 4. 0. 0. 83 
KAOLINITE 313. 148. 217. 10. 4. 0. 692 
ILLITE 358. 164. 385. 43. 5. 0. 955 
MONTMORILLONIT 2. 0. 2. 0. 0. 0. 4 
CHLORITE 4. 0. 12. 1. 0. 0. 17 
MIXED CLAY 148. 57. 115. 10. 0. 0. 330 
QUARTZ 785. 335. 515. 26. 2. 0. 1663 
GYPSUM 6. 0. 0. 0. 0. 0. 6 
APATITE 1. 0. 1. 0. 0. 0. 2 
DOLOMITE 0. 2. 0. 0. 0. 0. 2 
CALCITE 14. 4. 9. 1. 1. 0. 29 
FE-RICH 1. 1. 9. 0. 0. 0. 11 
SILICATES 50. 16. 59. 3. 0. 0. 128 
MISCELLANEOUS 167. 88. 91. 7. 0. 0. 353 
TOTALS 1977. 927. 1811. 134. 12. 0. 1 4861 
Table G-lb. Relative standard deviation data for Illinois No. 6 14x0 
mesh raw coal, calculated as one over the square root of the 
counts 
Chemistry\Size| <6.3 <20. <63. <200. <632. >632. Totals 
FE-SULFATE | 37.8 24.3 11.5 44.7 ,mm — 16.6 
PYRITE 1 10.8 11.1 5.9 20.4 — —— — — — 6.8 
PYRITE+MISC ! 16.7 26.7 18.6 50.0 — II 25.0 
KAOLINITE 1 5.7 8.2 6.8 31.6 50.0 — — —* 13.1 
ILLITE 1 5.3 7.8 5.1 15.2 44.7 — — — 15.5 
MONTMORILLONIT| 70.7 — — —• 70.7 —— — 39.0 
CHLORITE 1 50.0 ——— 28.9 100.0 ——— —— 28.8 
MIXED CLAY \ 8.2 13.2 9.3 31.6 — —  9.5 
QUARTZ 1 3.6 5.5 4.4 19.6 70.7 —— 4.8 
GYPSUM 1 40.8 ——— ——— ——— *• —— 29.4 
APATITE 1 100.0 — — — 100.0 — — — — — — — — 74.5 
DOLOMITE 1 70.7 — — — — — — ——— — —— 58.7 
CALCITE 1 26.7 50.0 33.3 100.0 100.0 — — 62.5 
FE-RICH 1 100.0 100.0 33.3 —- — — — — — 29.4 
SILICATES 1 14.1 25.0 13.0 57.7 — — — — ^  — 12.3 
MISCELLANEOUS j 7.7 10.7 10.5 37.8 8.1 
TOTALS 1 2.2 3.3 2.3 8.6 28.9 1 4.6 
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Table G-lc. Absolute standard deviation data for Illinois No. 6 14x0 
mesh raw coal, calculated as the weight percent divided by 
the square root of the counts 
ChemistryXSizel <6.3 <20. <63. <200. <632. >632. Totals 
FE-SULFATE 0.002 0.019 0.010 0.037 0.043 
PYRITE 0.013 0.063 0.040 0.100 •1 1- — — — —  0.126 
PYRITE+MISC. 0.005 0.011 0.006 0.047 — — —  —  — —  0.049 
KAOLINITE 0.013 0.042 0.017 0.055 0.187 — —  —  0.200 
ILLITE 0.015 0.041 0.026 0.098 0.440 — — —  0.453 
MONTMORILLONIT 0.001 — — — 0.001 *11 I'L — —  0.001 
CHLORITE 0.001 • 0.006 0.006 "  — —  0.008 
MIXED CLAY 0.009 0.024 0.013 0.045 ••• — —' 0.053 
QUARTZ 0.020 0.055 0.026 0.063 0.085 •mm—m mm 0.123 
GYPSUM 0.001 —  —  •  • — — —  —  —  —  —  —  0.001 
APATITE 0.001 "  — —  0.001 —  —  —  0.001 
DOLOMITE 0.002 — —  •• • • — — 0.002 
CALCITE 0.003 0.008 0.004 0.022 0.095 —  —  —  0.098 
FE-RICH 0.002 0.002 0.004 •'1 ' " —  —  ~  0.004 
SILICATES 0.005 0.017 0.009 0.013 — —  —  ^  '  0.024 
MISCELLANEOUS 0.009 0.034 0.010 0.033 0.049 
TOTALS 0.033 0.109 0.058 0.180 0.454 0.505 
Table G-2a. AIA count data for Illinois No. 6 200x0 mesh coal following 
complete Gravimelt processing. Data played back 21-JAN-86 
Chemistry\Size| <6.3 <20. <63. <200. <632. >632. Totals 
FE-SULFATE 10. 12. 1. 0. 0. 0. 23. 
PYRITE 53. 11. 0. 0. 0. 0. 64. 
PYRITE+MISC 6. 0. 0. 0. 0. 0. 6. 
KAOLINITE 287. 29. 0. 0. 0. 0. 316. 
ILLITE 227. 25. 1. 0. 0. 0. 253. 
MONTMORILLONIT 7. 1. 0. 0. 0. 0. 8. 
CHLORITE 11. 4. 0. 0. 0. 0. 15. 
MIXED CLAY 31. 8. 0. 0. 0. 0. 39. 
QUARTZ 418. 54. 2. 0. 0. 0. 474. 
GYPSUM 10. 1. 0. 0. 0. 0. 11. 
APATITE 0. 0. 0. 0. 0. 0. 0. 
DOLOMITE 11. 1. 0. 0. 0. 0. 12. 
CALCITE . 141. 16. 0. 0. 0. 0. 157. 
FE-RICH 74. 4. 0. 0. 0. 0. 78. 
SILICATES 48. 10. 0. 0. 0. 0. 58. 
MISCELLANEOUS 184. 54. 1. 0. 0. 0. 239. 
TOTALS I 1518. 230. 5. 0. 0. 0. | 1753. 
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Table G-2b. Relative standard deviation data for Illinois No. 6 14x0 
mesh coal following complete Gravimelt processing, 
calculated as one over the square root of the counts 
Chemistry\Size| <6.3 <20. <63. <200. <632. >632. Totals 
FE-SULFATE | 31.6 28.9 100.0 29.5 
PYRITE 1 13.7 30.2 — ••• •  ——— — — — 17.8 
PÏRITE+MISC 1 40.8 — —  — I — ——— ——— — ^  — 42.9 
KAOLINITE 1 5.9 18.6 —— — — — — — — — ——— 8.5 
ILLITE 1 6.6 20.0 100.0 ——— —  — —  13.4 
MONTMORILLONITj 37.8 100.0 — — — — — •• ——— 41.4 
CHLORITE 1 30.2 50.0 — — — " —1 • —»—— 36.3 
MIXED CLAY \ 18.0 35.4 —— ——— —— — 25.4 
QUARTZ 1 4.9 13.6 70.7 ——— —— — 8,7 
GYPSUM 1 31.6 100.0 — —— — — — — — — ——— 45.3 
APATITE 1 • 1 — 1 • 1 • ™ " ——— — — — ——— — — —  
DOLOMITE 1 30.2 100.0 — — — — —— 35.6 
CALCITE 1 8.4 25.0 — —^ — — — — — ——W 12.6 
FE-RICH 1 11.6 50.0 — • —1 — — — • • 17.1 
SILICATES 1 14.4 31.6 — — — — " — — — —— — 22.4 
MISCELLANEOUS | 7.4 13.6 100.0 11.3 
TOTALS 1 2.6 6.6 44.7 4.4 
Table G-2c. Absolute standard deviation data for Illinois No. 6 14x0 
mesh coal following complete Gravimelt processing, 
calculated as the weight percent divided by the square root 
of the counts 
Chemistry\Size <6.3 <20. <63. <200. <632. >632. Totals 
PE-SULFATE 0.0006 0.0052 0.0054 0.0075 
PYRITE 0.0021 0.0058 ——— — — — 0.0062 
PYRITE+MISC 0.0006 — — — — — — •1 — —— — 0.0006 
KAOLINITE 0.0023 0.0053 — — — —.  — — 0.0058 
ILLITE 0.0025 0.0050 0.0077 AV W W —— 0.0095 
MONTMORILLONIT 0.0004 0.0006 ——— — — — ——— —•—— 0.0007 
CHLORITE 0.0005 0.0017 — — — — — — — — — ——— 0.0018 
MIXED CLAY 0.0007 0.0032 ^ — —  — — — — "1 — 0.0033 
QUARTZ 0.0031 0.0076 0.0076 — — — — —  0.0112 
GYPSUM 0.0003 0.0006 — — — — — — — — 0.0007 
APATITE ———. — — — — •  -  •  — '  — — — — — 0.0000 
DOLOMITE 0.0006 0.0007 — — — — — — — — — — —— 0.0009 
CALCITE 0.0016 0.0044 —  — —  — •" — "" — —» 0.0046 
FE-RICH 0.0012 0.0021 —  — —  — — — — — —  — —— 0.0024 
SILICATES 0.0009 0.0042 — — —  — — — — — — ——— 0.0043 
MISCELLANEOUS 0.0020 0.0099 0.0064 — 0.0120 
TOTALS i 0.0059 0.0177 0.0136 0.0231 
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Table G-3a. AIA count data for Pittsburgh No. 8 6x0 mesh raw coal. 
Data played back 13-SEP-85 
ChemistryXSizel <6.3 <20. <63. <200. <632. >632. Totals 
FE-SULFATE | 36. 45. 23. 5. 0. 0. 109. 
PYRITE 1 69. 281. 37. 3. 0. 0. 390. 
PYRITE+MISC 1 98. 109. 9. 0. 0. 0. 216. 
KAOLINITE 1 654. 704. 41. 2. 0. 0. 1401. 
ILLITE 1 252. 391. 40. 2. 0. 0. 685. 
MONTMORILLONITI 21. 13. 0. 0. 0. 0. 34. 
CHLORITE 1 11. 30. 2. 0. 0. 0. 43. 
MIXED CLAY | 145. 180. 15. 2. 0. 0. 342. 
QUARTZ 1 333. 499. 23. 3. 0. 0. 858. 
GYPSUM I 3. 5. 3. 0. 0. 0. 11. 
APATITE 1 0. 1. 0. 0. 0. 0. 1. 
DOLOMITE 1 0. 1. 0. 0. 0. 0. 1. 
CALCITE 1 1. 5. 1. 0. 0. 0. 7. 
FE-RICH 1 2. 9. 4. 0. 0. 0. 15. 
SILICATES 1 71. 38. 1. 1. 0. 0. 111. 
MISCELLANEOUS j 167. 121. 1. 0. 0. 0. 289. 
TOTALS 1 1863. 2432. 200. 18. 0. 0. 1 4513. 
Table G-3b. Relative standard deviation data for Pittsburgh No. 8 6x0 
mesh raw coal, calculated as one over the square root of 
the counts 
ChemistryXSize <6.3 <20. <63. <200. <632. >632. Totals 
FE-SULFATE 16.7 14.9 20.9 44.7 28.5 
PYRITE 12.0 6.0 16.4 57.7 — — —  — — —  13.8 
PYRITE+MISC 10.1 9.6 33.3 — — —  — — —  10.8 
KAOLINITE 3.9 3.8 15.6 70.7 —  —  15,3 
ILLITE 6.3 5.1 15.8 70.7 —  —  —  —  —  16.9 
MONTMORILLONIT 21.8 27.7 — —  «MM ———. ^ —MM 18.5 
CHLORITE 30.2 18.3 70.7 — — — —  —  —  —  21.1 
MIXED CLAY 8.3 7.5 25.8 70.7 —" — —  — —  16.3 
QUARTZ 5.5 4.5 20.9 57.7 — —  —  —• ••• — 15.5 
GYPSUM 57.7 44.7 57.7 —  — —  — — —  — 46.2 
APATITE — —  —  100.0 —  —  —  —  —  —  —  —  —  — —— 105.9 
DOLOMITE — — —  100.0 — — — — — — —  —  —  •"  — — 126.3 
CALCITE 100.0 44.7 100.0 —  — —  —  —  —  57.4 
FE-RICH 70.7 33.3 50.0 — — —  41.5 
SILICATES 11.9 16.2 100.0 100.0 1 61.3 
MISCELLANEOUS 7.7 9.1 100.0 — — — 10.7 
TOTALS 2.3 2.0 7.1 23.6 6.5 
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Table G-3c. Absolute standard deviation data for Pittsburgh No. 8 6x0 
mesh raw coal, calculated as the weight percent divided by 
the square root of the counts 
Chemistry\Size| <6.3 <20. <63. <200. <632. >632. Totals 
FE-SULFATE | 0.004 0.016 0.075 0.367 0.375 
PYRITE 1 0.008 0.058 0.176 0.316 — »  • •  •  —  • •  —  0.366 
PYRITE+MISC 1 0.005 0.018 0.031 — —  —  — —  -  «  —  —  0.036 
KAOLINITE 1 0.012 0.041 0.106 0.401 — •— —• — — —  0.417 
ILLITE 1 0.009 0.033 0.114 0.306 — — — -1 — 0.328 
MONTMORILLONITl 0.002 0.004 '  •  —  •  — — —  — —  —  0.004 
CHLORITE 1 0.003 0.010 0.014 —  —  —  — — — —  0.018 
MIXED CLAY | 0.006 0.023 0.050 0.103 — — — — —  0.117 
QUARTZ 1 0.010 0.033 0.062 0.244 — — — — -  —  0.255 
GYPSUM 1 0.001 0.002 0.014 — —  — — —  —  —  0.014 
APATITE 1 —  —  —  0.003 — — — 1 ' — — — 0.003 
DOLOMITE 1 — — — 0.002 — — — " — * — 0.002 
CALCITE 1 0.001 0.002 0.007 — — — —  —  —  0.007 
FE-RICH 1 0.000 0.004 0.033 — — —  ^ — — 0.033 
SILICATES 1 0.004 0.010 0.011 0.165 0.165 
MISCELLANEOUS | 0.006 0.014 0.022 0.027 
TOTALS 1 0.022 0.089 0.252 0.731 — 0.779 
Table G-4a. AIA count data for Pittsburgh No. 8 6x0 mesh coal following 
partial Gravimelt processing. Data played back 21-JAN-86 
ChemistryVSize| <6.3 <20. <63. <200. <632. >632. Totals 
FE-SULFATE | 1. 2. 1. 0. 0. 0. 4. 
PYRITE 1 0. 1. 0. 0. 0. 0. 1. 
PYRITE+MISC ! 8. 8. 0. 0. 0. 0. 16. 
KAOLINITE 1 6. 6. 0. 0. 0. 0. 12. 
ILLITE 1 76. 193. 19. 1. 0. 0. 289. 
MONTMORILLONITl 1. 1. 0. 0. 0. 0. 2. 
CHLORITE 1 0. 0. 0. 0. 0. 0. 0. 
MIXED CLAY ( 16. 14. 2. 0. 0. 0. 32. 
QUARTZ 1 3. 18. 0. 0. 0. 0. 21. 
GYPSUM 1 0. 0. 0. 0. 0. 0. 0. 
APATITE 1 0. 0. 0. 0. 0. 0. 0. 
DOLOMITE 1 0. 2. 0. 0. 0. 0. 2. 
CALCITE 1 148. 132. 6. 1. 0. 0. 287. 
FE-RICH 1 89. 268. 29. 3. 0. 0. 389. 
SILICATES 1 9. 3. 1. 0. 0. 0. 13. 
MISCELLANEOUS j 953. 1899. 139. 10. 0. 0. 3001. 
TOTALS 1 1310. 2547. 197. 15. 0. 0. 1 4069. 
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Table G-4b. Relative standard deviation data for Pittsburgh No. 8 6x0 
mesh coal following partial Gravimelt processing, 
calculated as one over the square root of the counts 
Chemistry\Size| <6.3 <20. <63. <200. <632. >632. Totals 
FE-SULFATE | 100.0 70.7 100.0 72.3 
PYRITE 1 —  —  —  100.0 — — —  — — —  "  — —  110.4 
PYRITE+MISC 1 35.4 35.4 — — —  — — —  — —  —  —  —  —  26.0 
KAOLINITE I 40.8 40.8 — — — — — — ^  —  29.9 
ILLXTE 1 11.5 7.2 22.9 100.0 ——— 12.1 
MONTMORILLONITI 100.0 100.0 — — —  — — —  — — —  80.4 
CHLORITE 1 MM. — —  —  —  —  —  — — —  — 1 — 
MIXED CLAY | 25.0 26.7 70.7 —  —  —  — — —  —  42.3 
QUARTZ 1 
PVPCllM 1 
57.7 23.6 — —  —  21.6 
ullroUn 1 
APATITE 1 
DOLOMITE 1 •  — — 70.7 — —  —  — — —  — — 67.5 
CALCITE 1 8.2 8.7 40.8 100.0 ——— —* — — 15.3 
FE-RICH 1 10.6 6.1 18.6 57.7 1- •' "1 —« — —- 15.9 
SILICATES 1 33.3 57.7 100.0 " • •  "  — —  —  — —  42.5 
MISCELLANEOUS | 3.2 2.3 8.5 31.6 6.3 
TOTALS I 2.8 2.0 7.1 25.8 1 5.1 
Table G-4c. Absolute standard deviation data for Pittsburgh No. 8 6x0 
mesh coal following partial Gravimelt processing, 
calculated as the weight percent divided by the square root 
of the counts 
Chemistry\Size| <6.3 <20. <63. <200. <632. >632. Totals 
FE-SULFATE 0.005 0.004 0.023 0.024 
PYRITE ' 0.004 — —'— — — — —"  — — 0.004 
PYRITE+MISC. 0.014 0.009 — — — — — — — — •— 0.017 
KAOLINITE 0.008 0.010 — — — — — — —  — —  0.013 
ILLITE 0.035 0.068 0.150 0.188 ——— —' —• — 0.252 
MONTMORILLONIT 0.003 0.010 — — — — — — 0.011 
CHLORITE •— — — — — — ———- — — — 0.000 
MIXED CLAY 0.014 0.011 0.100 — — — — — — MIH 0.101 
QUARTZ 0.005 0.020 —  —  —  —— — • " ' 0.020 
GYPSUM —— — — — —• ——— ——— — — 0.000 
APATITE — —  —  — —  —  — — — —  — —  0.000 
DOLOMITE 0.007 — — — — — — — 0.007 
CALCITE 0.050 0.060 0.093 0.242 —  —  — - —  — —  0.271 
FE-RICH 0.036 0.090 0.265 0.629 —  — —  — 0.689 
SILICATES 0.011 0.010 0.031 — — — — —  — — 0.035 
MISCELLANEOUS 0.109 0.185 0.447 1.193 — 1.292 
TOTALS 0.132 0.225 0.554 1.366 ' 1.497 
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Table G-5a. AIA count data for Pittsburgh No. 8 6x0 mesh coal following 
complete Gravimelt processing. Data played back 22-JAN-86 
Chemistry\Size <6.3 <20. <63. <200. <632. >632. Total: 
FE-SULFÀTE 1. 0. 1. 0. 0. 0. 2 
PYRITE 27. 11. 6. 2. 0. 0. 46 
PYRITE+MISC 21. 2. 0. 0. 0. 0. 23 
KÂOLINITE 657. 161. 11. 3. 0. 0. 832 
ILLITE 185. 26. 1. 0. 0. 0. 212 
MONTMORILLONIT 81. 10. 1. 0. 0. 0. 92 
CHLORITE 2. 2. 0. 0. 0. 0. 4 
MIXED CLAY 113. 15. 1. 0. 0. 0. 129 
QUARTZ 512. 109. 6. 1. 0. 0. 628 
GYPSUM 13. 1. 0. 0. 0. 0. 14 
APATITE 0. 0. 0. 0. 0. 0. 0 
DOLOMITE 3. 1. 0. 0. 0. 0. 4 
CALCITE 92. 19. 2. 0. 0. 0. 113 
FE-RICH 32. 6. 0. 0. 0. 0. 38 
SILICATES 44. 6. 0. 0. 0. 0. 50 
MISCELLANEOUS 882. 190. 10. 0. 0. 0. 1082 
TOTALS 2665. 559. 39. 6. 0. 0. 3269 
Table G-5b. Relative standard deviation data for Pittsburgh No. 8 6x0 
mesh coal following complete Gravimelt processing, 
calculated as one over the square root of the counts 
Chemistry\Size| <6.3 <20. <63. <200. <632. >632. Totals 
FE-SULFATE | 100.0 100.0 99.5 
PYRITE 1 19.2 30.2 40.8 70.7 — — —  49.8 
PYRITE+MISC 1 21.8 70.7 — — —  — — — — ——— 39.9 
KAOLINITE i 3.9 7.9 30.2 57.7 — — 32.5 
ILLITE 1 7.4 19.6 100.0 — — — —  —  —  13.7 
MONTMORILLONIT1 11.1 31.6 100.0 —  — —  —  —  —  26.7 
CHLORITE 1 70.7 70.7 —  —  —  — — —  — — — 56.8 
MIXED CLAY | 9.4 25.8 100.0 —  —  —  —  —  —  —  — —  21.2 
QUARTZ 1 4.4 9.6 40.8 100.0 — — —  —  —  —  19.5 
GYPSUM 1 27.7 100.0 ^  —  —  —  —  —  — —  —  — —  —  38.2 
APATITE 1 . —» — " — — — — ^ — — 
DOLOMITE 1 57.7 100.0 — — — — —  —  —  —  —- — —  60.7 
CALCITE 1 10.4 22.9 70.7 —  —  —  — — — —  — — 25.3 
FE-RICH 1 17.7 40.8 — •— 1 •• — —  —  — — — 25.5 
SILICATES 1 15.1 40.8 — — — —  — —  —  —  • — —  —  24.1 
MISCELLANEOUS | 3.4 7.3 31.6 — — — 6.4 
TOTALS 1 1.9 4.2 16.0 40.8 17.3 
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Table G-5c. Absolute standard deviation data for Pittsburgh No. 8 6x0 
mesh coal following complete Gravimelt processing, 
calculated as the weight percent divided by the square root 
of the counts 
Chemistry\Size| <6.3 <20. <63. <200. <632. >632. Totals 
FE-SULFATE | 0.0049 0.0049 
PYRITE 1 0.0007 0.0031 0.0332 0» 1481 —— 0.1518 
PYRITE+MISC. 1 0.0003 0.0009 — —  —  — — —  — — —  — —  —  0.0010 
KAOLINITE 1 0.0014 0.0063 0.0098 0#1078 —— — — —  0.1085 
ILLITE 1 0.0007 0.0028 0.0022 — — —  0.0036 
MONTMORILLONITI 0.0004 0.0009 0.0020 — — —  — — —  —  — —  0.0022 
CHLORITE 1 0.0001 0.0005 — — — — — —  — — —  —  —  —  0.0005 
MIXED CLAY | 0.0005 0.0020 0.0025 WW» — — 0.0032 
QUARTZ 1 0.0012 0.0044 0.0086 0.0202 —  —  —  0.0224 
GYPSUM 1 0.0002 0.0005 — — —  — — —  —  —  —  —  —  0.0005 
APATITE 1 — — —  — — —  —  —  WWW — — —  —  —  0.0000 
DOLOMITE 1 0.0002 0.0005 —  —  — — —  — — —  —  — —  0.0005 
CALCITE 1 0.0006 0.0023 0.0055 —» — — — — —• — — 0.0060 
FE-RICH 1 0.0003 0.0013 —  • — —  — — —» — — — — 0.0013 
SILICATES 1 0.0003 0.0011 — — — —  —  —  —  —  —  —  ^  —  0.0012 
MISCELLANEOUS j 0.0015 0.0060 0.0076 — —  — —— 0.0098 
TOTALS 1 0.0028 0.0111 0.0285 0.1700 0.1728 
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APPENDIX H: POROSITY IN LARGE PARTICLES OF PYRITE 
This appendix contains documentation for the porosity found in large 
particles of pyrite. Two particles of pyrite approximately 100 wm in 
diameter were found in a sample of Illinois No. 6 200 mesh raw coal. The 
particles were photographed in backscattered electron mode at 425 
diameters magnification. Binary images were also recorded at several 
settings of threshold intensity. The binary image is the representation 
of the particle that is presented to the computer for measurement. It is 
formed by taking all picture points above a preset threshold intensity as 
belonging to the feature, and rejecting all points below the threshold as 
background. The software used in this research is insensitive to the 
amount that the intensity exceeds the threshold. 
The optimum threshold setting is at one half the brightness 
difference between particle and background. That setting is preferred 
since the change from background to feature is not instantaneous. 
Rather, the signal slopes up from background to the brightness of the 
feature. Setting a threshold at one half of the brightness difference 
permits half of that transition to be allocated to the particle and half 
to background as it should be. 
However, because of the great brightness of pyrite compared to other 
phases, a threshold set to consistently detect the clays and other 
minerals crosses the pyrite signal at about one-fifth of the pyrite 
brightness difference. This causes a slight exaggeration of the pyrite 
area due to a disproportionate amount of the signal transition being 
allocated to the pyrite area. Even more importantly, the use of such a 
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low threshold fails to distinguish the pores in the particle from the 
particle itself. The signal from the base of the pores exceeds such a 
low threshold. 
Figures H-la and H-2a are the backscattered electron images of the 
pyrite particles. The pyrite particles are not solid masses of pyrite. 
Area! analysis is based on measuring the area of a particle that 
intersects a random cutting plane. It is obvious from the photos that 
not all of the pyrite particle is at the surface of the pellet, the 
random cutting plane. The dark gray features surrounding the main pyrite 
particle are particles of other minerals and appear darker from a lover 
atomic number factor. 
Figures H-lb through H-le and Figures H-2b through H-2e show the 
binary image recorded at increasing settings of threshold brightness. 
The pyrite signal exceeded the epoxy background signal by an arbitrary 
measure of five brightness units. Figures H-lb and H-2b were recorded 
with the threshold set one unit above the epoxy signal, or at 20% of the 
pyrite-epoxy difference. Figures H-lc and 2c were recorded at 40%, 
Figures H-ld and H-2d were recorded at 60%, and Figures H-le and H-2e 
were recorded at 80% of the pyrite-epoxy difference. In Figures H-lb and 
H-2b, the pyrite particle appears solid and most of the surrounding 
mineral particles are also detected above threshold. This is 
approximately the normal setting for analysis. In Figures H-lc through 
H-lc and Figures H-2c through H-2e, the binary image progressively shows 
the true porous nature of the pyrite particle. At the 40% level, the 
other mineral particle have disappeared below threshold and porosity is 
beginning to appear in the pyrite particle. At the 80% level, the binary 
image finally seems to represent the portion of the pyrite particle that 
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is even with the surface of the pellet. 
Analysis of the respective binary images revealed decreases in 
pyrite area as the threshold was raised. For the particle in Figure H-1, 
the area decreased by 6.5%, 18.4% and 47.2% compared to the area of the 
pyrite particles in Figure H-lb, as the threshold was raised to 40%, 60% 
and 80% respectively. Analysis of the pyrite in Figure H-2 led to 
corresponding reductions of 5.0%, 12.0% and 49.0%. For both particles, 
little more than half of the material measured as pyrite with a 20% 
threshold was in fact pyrite at the surface of the pellet. 
If such porosity is common to large pyrite particles in coal, then 
the pyrite fraction reported for most of the analyses in this paper may 
be severely overestimated. Samples with large amounts of large pyrite 
would be especially subject to the error. Cleaned coal samples where 
less pyrite is present, and where it is finer grained, would be less 
affected due to the denser nature of fine grained pyrite. 
Apparently, there is a need to allow for better threshold settings 
for the analysis of pyrite, or some method needs to be formulated for 
adjusting the density of the pyrite particles in the chemistry definition 
file to reflect the apparent density of the particles as measured by AIA. 
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Figure H-la. Backscattered electron image of pyrite particle in Illinois 
No. 6 200 mesh raw coal. Scale bar is 25 ym 
Figure H-lb. Binary image of pyrite particle in Illinois No. 6 200 mesh 
raw coal. Threshold was set at 20% of the pyrite-coal 
intensity difference. The field of view is the same as in 
Figure H-la 
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Figure H-lc. Binary image of pyrite particle in Illinois No. 6 200 mesh 
raw coal. Threshold was set at 40% of the pyrite-coal 
intensity difference. The field of view is the same as in 
Figure H-la 
Figure H-ld. Binary image of pyrite particle in Illinois No. 6 200 mesh 
raw coal. Threshold was set at 60% of the pyrite-coal 
intensity difference. The field of view is the same as in 
Figure H-la 
344 
Figure H-le. Binary image of pyrite particle in Illinois No. 6 200 mesh 
raw coal. Threshold vas set at 80% of the pyrite-coal 
intensity difference. The field of view is the same as in 
Figure H-la 
Figure H-2a. Backscattered electron image of pyrite particle in Illinois 
No. 6 200 mesh raw coal. Scale bar is 25 yn 
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Figure H-2b. Binary image of pyrite particle in Illinois No. 6 200 mesh 
raw coal. Threshold was set at 20% of the pyrite-coal 
intensity difference. The field of view is the same as in 
Figure H-2a 
Figure H-2c. Binary image of pyrite particle in Illinois No. 6 200 mesh 
raw coal. Threshold was set at 40% of the pyrite-coal 
intensity difference. The field of view is the same as in 
Figure H-2a 
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Figure H-2d. Binary image of pyrite particle in Illinois No. 6 200 mesh 
raw coal. Threshold was set at 60% of the pyrite-coal 
intensity difference. The field of view is the same as in 
Figure H-2a 
Figure H-2e. Binary image of pyrite particle in Illinois No. 6 200 mesh 
raw coal. Threshold was set at SOX of the pyrite-coal 
intensity difference. The field of view is the same as in 
Figure H-2a 
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APPENDIX I: AIA DATA FOR NITRIC ACID LEACHED COALS 
This appendix contains the AIA data for the six samples of coal 
subjected to hot and cold nitric acid leaching according to ASTM 
specification. Two data tables are included for each sample. The first 
table in each pair contains the raw data as generated by the image 
analysis programs. The second table of the pair contains the data 
following correction to a consistent area base, correction for spurious 
categories, such as the NO/LOW XRAY category, and normalization to 100% 
of the mineral matter. 
Tables 1-7 through 1-9 present comparisons of the raw, hot nitric 
acid leach, and cold nitric acid leach samples for the three coals 
examined. The data are presented as weight percent of the dry coal. 
The mineral matter content for the nitric acid-leached samples was 
estimated based on the amount of nitric acid-soluble matter found in the 
AIA results. The total of the nitric acid soluble mineral in the coal 
before leaching was used to estimate the ideal mineral matter content 
after leaching. For example, 39.3% of the mineral matter in the raw 
Illinois sample was determined to be acid-soluble using the AIA results 
of Table 17a (i.e., 100%*(iron sulfate 0.49% + pyrite 5.68% + pyrite and 
misc. 0.23% + gypsum 0.07% + apatite 0.10% + carbonates 0.86% + iron-rich 
0.16%)/19.32% = 39.3%). This led to an anticipated mineral matter 
content of 11.73% in the leached coal. The mineral matter in the leached 
coal was estimated by multiplying the fraction of acid-insoluble material 
times the original mineral matter. 
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Remaining mineral matter = (1-0.393) * 19.32% = 11.73% 
The ideal mineral matter content was adjusted upward for the actual 
samples based on the amount of acid-soluble material remaining after 
leaching. For the cold nitric acid-leached sample of Illinois coal, 
17.4% of the remaining mineral matter appeared to be nitric acid soluble. 
Therefore, 
Mineral matter = 11.73% / (1-0.1737) = 14.20% 
This value of mineral matter was used to express results on a dry coal 
basis. 
For all three samples it may be noted that the hot nitric acid leach 
removed consistently more of the nitric acid-soluble minerals than did 
the cold nitric acid. A significant amount of pyrite was found in the 
cold nitric acid residues which will result in an underestimation of the 
pyritic sulfur content by ASTM analysis. 
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Table I-la. Raw AIA data for Illinois No. 6 60x0 mesh raw coal leached 
with hot nitric acid. Data played back 4-FEB-86 
Chemistry\Size <4.0 <7.0 <12.0 <21.0 <36.0 >36.0 TOTALS 
FE-SULFATE 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
PYRITE 0.0000 0.0566 0.3768 0.0000 0.0000 0.0000 0.4334 
PYRITE+MISC 0.0065 0.0000 0.0000 0.0000 0.0000 0.0000 0.0065 
KAOLINITE 0.3023 0.2225 1.7632 2.5088 6.1241 2.9630 13.8839 
ILLITE 0.2101 0.4937 2.3990 2.8521 9.2091 20.7611 35.9251 
MONTHORILLONIT 0.0331 0.0284 0.1552 0.0000 0.0000 0.0000 0.2167 
CHLORITE 0.0054 0.0445 0.0000 0.0000 0.0000 3.5838 3.6337 
MIXED CLAY 0.0478 0.0696 0.2972 0.4793 0.4322 1.3073 2.6334 
QUARTZ 0.2865 0.4052 3.5739 3.7737 6.8313 22.5458 37.4164 
GYPSUM 0.0000 0.0167 0.1229 0.0000 0.0000 0.0000 0.1396 
APATITE 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
DOLOMITE 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
CALCITE 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
FE-RICH 0.0159 0.0000 0.0000 0.1263 0.0000 0.0000 0.1422 
SILICATES 0.0252 0.0250 0.0980 0.1185 0.8233 0.9278 2.0178 
MISCELLANEOUS 0.0414 0.1228 0.2073 0.1215 0.0000 1.3050 1.7980 
TOTALS 0.9742 1.4850 8.9935 9.9802 23.4200 53.3938 98.2467 
Table I-lb. Corrected and normalized AIA data for Illinois No. 6 60x0 
mesh raw coal leached with hot nitric acid. Data played 
back 4-FEB-86. Correction factors: 69.02, 6.98, 1.00 for 
columns 1-2, 3-4, 5-6 
Chemistry\Size <4.0 <7.0 <12.0 <21.0 <36.0 >36.0 i TOTALS 
FE-SULFATE 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
PYRITE 0.0000 1.0308 0.6940 0.0000 0.0000 0.0000 1.7248 
PYRITE+MISC 0.1183 0.0000 0.0000 0.0000 0.0000 0.0000 0.1183 
KAOLINITE 5.5056 4.0523 3.2473 4.6204 1.6159 0.7818 19.8233 
ILLITE 3.8264 8.9914 4.4183 5.2528 2.4299 5.4779 30.3968 
MONTMORILLONIT 0.6028 0.5172 0.2858 0.0000 0.0000 0.0000 1.4059 
CHLORITE 0.0983 0.8104 0.0000 0.0000 0.0000 0.9456 1.8544 
MIXED CLAY 0.8705 1.2676 0.5473 0.8828 0.1140 0.3449 4.0272 
QUARTZ 5.2179 7.3797 6.5820 6.9501 1.8024 5.9489 33.8811 
GYPSUM 0.0000 0.3042 0.2264 0.0000 0.0000 0.0000 0.5306 
APATITE 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
DOLOMITE 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
CALCITE 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
FE-RICH 0.2895 0.0000 0.0000 0.2326 0.0000 0.0000 0.5222 
SILICATES 0.4589 0.4553 0.1805 0.2183 0.2173 0.2448 1.7750 
MISCELLANEOUS 1 0.7540 2.2365 0.3818 0.2238 0.0000 0.3443 3.9404 
TOTALS I 17.7425 27.0455 16.5635 18.3808 6.1795 14.0883 |100.0000 
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Table I-2a. Raw AIA data for Illinois No. 6 60x0 mesh raw coal leached 
with cold nitric acid. Data played back 4-FEB-86 
ChemistryVSize <4.0 <7.0 <12.0 <21.0 <36.0 >36.0 TOTALS 
FE-SULFATE | 0.0055 0.0000 0.0458 0.0000 0.5337 3.2212 3.8062 
PYRITE 1 0.0146 0.0244 0.5355 0.1925 7.9221 23.0641 31.7532 
PYRITE+MISC 1 0.0000 0.0000 0.0000 0.0000 0.2740 0.0000 0.2740 
KAOLINITE 1 0.1445 0.1375 1.2741 0.8930 4.9994 1.8839 9.3324 
ILLITE 1 0.1025 0.1700 1.1303 1.8610 5.2187 15.0693 23.5518 
MONTMORILLONITI 0.0073 0.0000 0.0000 0.0000 0.0000 0.0000 0.0073 
CHLORITE 1 0.0231 0.0000 0.2701 0.0000 0.8453 0.0000 1.1385 
MIXED CLAY | 0.0195 0.0207 0.3959 0.1561 1.3761 4.3170 6.2853 
QUARTZ 1 0.2202 0.3391 2.7466 2.5615 4.2872 10.8578 21.0124 
GYPSUM 1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
APATITE 1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
DOLOMITE j 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
CALCITE 1 0.0133 0.0172 0.0898 0.0000 0.0000 0.0000 0.1203 
FE-RICH 1 0.0106 0.0000 0.2252 0.0923 0.4528 0.0000 0.7809 
SILICATES 1 0.0091 0.0000 0.0900 0.0000 0.6712 0.0000 0.7703 
MISCELLANEOUS | 0.0037 0.0000 0.1770 0.2745 0.0000 0.0000 0.4552 
TOTALS 1 0.5739 0.7089 6.9803 6.0309 26.5805 58.4133 99.2878 
Table I-2b. Corrected and normalized AIA data for Illinois No. 6 60x0 
mesh raw coal leached with cold nitric acid. Data played 
back 4-FEB-86. Correction factors: 86.12, 8.24, 1.00 for 
columns 1-2, 3-4, 5-6 
ChemistryNSize <4.0 <7.0 <12.0 <21.0 <36.0 >36.0 TOTALS 
FE-SULFATE | 0. 1565 0. 0000 0. 1247 0. 0000 0. 1763 1. 0640 1. 5215 
PYRITE 1 0. 4153 0. 6941 1. 4584 0. 5243 2. 6167 7. 6183 13. 3271 
PYRITE+MISC 1 0. 0000 0. 0000 0. 0000 0. 0000 0. 090b Û. GOOD 0. 0905 
KAOLINITE 1 4. 1104 3. 9113 3. 4700 2. 4321 1. 6513 0. 6223 16. 1974 
ILLITE 1 2. 9157 4. 8357 3. 0784 5. 0684 1. 7238 4. 9775 22. 5995 
MONTMORILLONITI 0. 2077 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 2077 
CHLORITE 1 0. 6571 0. 0000 0. 7356 0. 0000 0. 2792 0. 0000 1. 6719 
MIXED CLAY | 0. 5547 0. 5888 1. 0782 0. 4251 0. 4545 1. 4259 4. 5272 
QUARTZ 1 6. 2637 9. 6459 7. 4804 6. 9763 1. 4161 3. 5864 35. 3688 
GYPSUM 1 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 
APATITE 1 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 
DOLOMITE 1 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 
CALCITE 1 0. 3783 0. 4893 0. 2446 0. 0000 0. 0000 0. 0000 1. 1122 
FE-RICH 1 0. 3015 0, 0000 0. 6133 0, 2514 0. 1496 0. 0000 1. 3158 
SILICATES 1 0. 2589 0. 0000 0. 2451 0. 0000 0. 2217 0. 0000 0. 7257 
MISCELLANEOUS j 0. 1052 0. 0000 0. 4821 0. 7476 0. 0000 0. 0000 1. 3349 
TOTALS 1 16. 3250 20 1651 19 0108 16 4252 8. 7797 19 2944 1100. 0002 
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Table I-3a. Raw AIA data for Pittsburgh 200x0 mesh raw coal leached with 
hot nitric acid. Data played back 4-FEB-86 
Chemistry\Size <4.0 <7.0 <12.0 <21.0 <36.0 >36.0 TOTALS 
FE-SULFATE 0.0000 0.0495 0.0000 0.1815 0.0000 0.0000 0. 2310 
PYRITE 0.0319 0.0000 0.5353 0.6573 0.0000 0.0000 1. 2245 
PYRITE+MISC 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0. 0000 
KAOLINITE 0.6753 0.4700 6.4977 1.7185 2.1907 0.0000 11. 5522 
ILLITE 0.4128 0.6205 7.7500 6.1279 1.1409 1.5211 17. 5732 
MONTMORILLONIT 0.0179 0.0266 0.1382 0.0000 0.0000 0.0000 0. 1827 
CHLORITE 0.0334 0.0321 0.1756 0.0000 0.0000 0.0000 0. 2411 
MIXED CLAY 0.0246 0.0735 1.1233 0.0000 0.6887 0.0000 1. 9101 
QUARTZ 0.3157 0.2816 5.7884 2.6087 3.8865 8.3112 21. 1921 
GYPSUM 0.0051 0.0000 0.1327 0.0000 0.0000 3.8080 3. 9458 
APATITE 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0. 0000 
DOLOMITE 0.0098 0.0000 0.0000 0.0000 0.0000 0.0000 0. 0098 
CALCITE 0.0911 0.1100 0.5405 0.3918 0.0000 0.0000 1. 1334 
FE-RICH 0.0000 0.0000 0.1101 0.2115 0.0000 0.0000 0. 3216 
SILICATES 0.0192 0.0455 0.2990 0.2005 0.0000 0.0000 0. 5642 
MISCELLANEOUS 0.1090 0.0892 0.9222 0.7443 1.0289 0.0000 2. 8936 
TOTALS 1.7458 1.7985 24.0130 12.8420 8.9357 13.6403 62. 9753 
Table I-3b. Corrected and normalized AIA data for Illinois No. 6 60x0 
mesh raw coal leached with hot nitric acid. Data played 
back 4-FEB-86. Correction factors: 13.60, 1.00, 1.00 for 
columns 1-2, 3-4, 5-6 
Chemistry\Size <4.0 <7.0 <12.0 <21.0 <36.0 >36.0 TOTALS 
FE-SULFATE 0. 0000 0. 6254 0. 0000 0. 1687 0. 0000 0. 0000 0. 7941 
PYRITE 0. 4031 0. 0000 0. 4974 0. 6108 0. 0000 0. 0000 1. 5113 
PYRITE+MISC 0. 0000 0. 0000 0. 0000 0. 0000 0. OOOO 0. 0000 0. 0000 
KAOLINITE 8. 5319 5. 9380 6. 0374 1. 5967 2. 0355 0. 0000 24. 1395 
ILLITE 5. 2154 7. 8395 7. 2010 5. 6938 1. 0600 1. 4134 28. 4231 
MONTMORILLONIT 0. 2262 0. 3360 0. 1284 0. 0000 0. 0000 0. 0000 0. 6906 
CHLORITE 0. 4220 0. 4056 0. 1632 0. 0000 0. 0000 0. 0000 0. 9908 
MIXED CLAY 0. 3108 0. 9287 1. 0437 0. 0000 0. 6399 0. 0000 2. 9231 
QUARTZ 3. 9886 3. 5577 5. 3783 2. 4239 3. 6112 7. 7224 26. 6821 
GYPSUM 0. 0644 0. 0000 0. 1233 0. 0000 0. 0000 3. 5383 3. 7260 
APATITE 0, 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 
DOLOMITE 0. 1238 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 1238 
CALCITE 1. 1510 1. 3898 0. 5022 0. 3640 0. 0000 0. 0000 3. 4070 
FE-RICH 0. 0000 0. 0000 0. 1023 0. 1966 0. 0000 0. 0000 0. 2989 
SILICATES 0. 2426 0. 5749 0. 2778 0. 1863 0. 0000 0. 0000 1. 2816 
MISCELLANEOUS 1. 3771 1. 1270 0. 8569 0. 6915 0. 9560 0. 0000 5. 0085 
TOTALS 22. 0569 22. 7226 22. 3119 11. 9323 8. 3026 12. 6741 1100. 0004 
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Table I-4a. Raw AIA data for Pittsburgh 200x0 mesh raw coal leached with 
cold nitric acid. Data played back 22-JAN-86 
Chemistry\Size <4.0 <7.0 <12.0 <21.0 <36.0 >36.0 TOTALS 
FE-SULFATE | 0.0272 0.0000 0.0000 0.2758 0.0000 0.0000 0.3030 
PYRITE 1 0.2227 0.2053 0.3085 0.3242 4.3427 3.7354 9.1388 
PYRITE+MISC 1 0.0135 0.1118 0.0000 0.2483 0.0000 0.0000 0.3736 
KAOLINITE 1 2.9408 3.5120 5.2265 2.8340 6.5432 0.0000 21.0565 
ILLITE 1 1.1780 2.0057 3.3403 2.7711 7.3512 12.7081 29.3544 
MONTMORILLONIT) 0.1246 0.0000 0.0000 0.0000 0.0000 0.0000 0.1246 
CHLORITE 1 0.2045 0.1801 0.3781 0.0000 0.0000 0.0000 0.7627 
MIXED CLAY | 0.2382 0.1765 0.5820 0.3265 2.0793 0.0000 3.4025 
QUARTZ 1 1.0770 1.3240 2.6494 1.7966 5.7523 4.3982 16.9975 
GYPSUM 1 0.0133 0.0912 0.0000 0.0000 0.0000 0.0000 0.1045 
APATITE 1 0.0065 0.0000 0.0000 0.0000 0.0000 0.0000 0.0065 
DOLOMITE 1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
CALCITE i 0.1038 0.2811 1.4880 1.1550 3.4959 0.0000 6.5238 
FE-RICH 1 0.0108 0.0000 0.0978 0.0000 0.0000 0.0000 0.1086 
SILICATES 1 0.0997 0.0803 0.0860 0.3545 0.0000 0.0000 0.6205 
MISCELLANEOUS | 0.0985 0.1884 0.2040 1.1717 1.5036 4.2245 7.3907 
TOTALS 1 6.3591 8.1564 14.3606 11.2577 31.0682 25.0662 96.2682 
Table I-4b. Corrected and normalized AIA data for Pittsburgh 200x0 mesh 
raw coal leached with cold nitric acid. Data played back. 
4-FEB-86. Correction factors; 10.96, 4.55, 1.00 for columns 
1-2, 3-4, 5-6 
Chemistry\Size <4.0 <7.0 <12,0 <21.0 <36.0 >36.0 TOTALS 
FE-SULFATE | 0. 0898 0. 0000 0. 0000 0. 3785 0. 0000 0. 0000 0. 4683 
PYRITE ! 0. 7353 0. 6779 0. 4233 0. 4449 1. 3087 1. 1257 4. 7158 
PYRITE+MISC 1 0. 0446 0. 3692 0. 0000 0. 3408 0. 0000 0. 0000 0. /545 
KAOLINITE 1 9. 7094 11. 5953 7. 1729 3. 8894 1. 9718 0. 0000 34. 3388 
ILLITE 1 3. 8894 6. 6221 4. 5842 3. 8031 2. 2153 3. 8296 24. 9436 
MONTMORILLONIT| 0. 4114 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 4114 
CHLORITE 1 0. 6752 0. 5946 0. 5189 0. 0000 0. 0000 0. 0000 1. 7888 
MIXED CLAY | 0. 7864 0. 5828 0. 7988 0. 4481 0. 6266 0. 0000 3. 2426 
QUARTZ 1 3. 5559 4. 3714 3. 6361 2. 4657 1. 7335 1. 3254 17. 0879 
GYPSUM j 0. 0440 0. 3011 0. 0000 0. 0000 0. 0000 0. 0000 0. 3451 
APATITE 1 0. 0215 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 0215 
DOLOMITE 1 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 
CALCITE 1 0. 3427 0. 9281 2. 0422 1. 5851 1. 0535 0. 0000 5. 9516 
FE-RICH 1 0. 0356 0. 0000 0. 1342 0. 0000 0. 0000 0. 0000 0. 1698 
SILICATES 1 0. 3292 0. 2651 0. 1180 0. 4865 0. 0000 0. 0000 1. 1988 
MISCELLANEOUS | 0, 3252 0. 6220 0. 2799 1. 6081 0. 4531 1. 2731 4. 5615 
TOTALS 1 20. 9955 26. 9295 19. 7086 15. 4502 9. 3624 7. 5538 1100. 0000 
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Table I-5a. Raw AIA data for Pittsburgh 200x0 mesh coal floated at 1.3 
specific gravity and leached with hot nitric acid. Data 
played back 4-FEB-86 
Chemistry\Size <4.0 <7.0 <12.0 <21.0 <36.0 >36.0 TOTALS 
FE-SULFATE 0.0097 0.0000 0.0000 0.0000 0.0000 0.0000 0.0097 
PYRITE 0.0000 0.0000 1.0534 0.9833 2.7109 0.0000 4.7476 
PYRITE+MISC 0.0114 0.0000 0.0000 0.0000 0.0000 0.0000 0.0114 
KAOLINITE 0.6927 0.7436 8.3229 2.7532 2.6789 0.0000 15.1913 
ILLITE 0.4139 0.4430 5.7122 2.8597 2.2910 0.0000 11.7198 
MONTMORILLONIT 0.0247 0.0000 0.0000 0.0000 0.7677 1.7924 2.5848 
CHLORITE 0.0191 0.0000 0.1366 0.0000 0.0000 0.0000 0.1557 
MIXED CLAY 0.0278 0.0759 0.7202 0.2442 0.0000 0.0000 1.0681 
QUARTZ 0.2428 0.1973 4.2455 1.3283 0.6409 0.0000 6.6548 
GYPSUM 0.0047 0.0000 0.0000 0.0000 0.0000 0.0000 0.0047 
APATITE 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
DOLOMITE 0.0000 0.0442 0.0940 0.0000 0.0000 0.0000 0.1382 
CALCITE 0.0495 0.0619 0.5783 0.3144 0.4712 0.0000 1.4753 
FE-RICH 0.0114 0.0200 0.0000 0.4255 0.0000 0.0000 0.4569 
SILICATES 0.0000 0.0201 0.2520 0.0000 0.4975 0.0000 0.7696 
MISCELLANEOUS 0.0000 0.0813 0.5852 0.3670 0.0000 0.0000 1.0335 
TOTALS 1.5077 1.6873 21.7003 9.2756 10.0581 1.7924 46.0214 
Table I-5b. Corrected and normalized AIA data for Pittsburgh 200x0 mesh 
coal floated at 1.3 specific gravity and leached with hot 
nitric acid. Data played back 4-FEB-86. Correction 
factors: 55.86, 3.31, 1.00 for columns 1-2, 3-4, 5-6 
ChemistryNSize <4.0 <7.0 <12.0 <21.0 <36.0 >36.0 TOTALS 
FE-SULFATE I 0. 1850 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 1850 
PYRITE 1 0. 0000 0. 0000 1. 1907 1. 1115 0. 9256 0. 0000 3. 22/8 
PYRITE+MISC 1 0. 2175 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 2175 
KAOLINITE 1 13. 2120 14. 1828 9. 4082 3. 1122 0. 9147 0. 0000 40. 8298 
ILLITE 1 7. 8944 8. 4494 6. 4571 3. 2326 0. 7822 0. 0000 26. 8156 
MONTMORILLONIT! 0. 4711 0. 0000 0. 0000 0. 0000 0. 2621 0. 6120 1. 3452 
CHLORITE 1 0. 3643 0. 0000 0. 1545 0. 0000 0. 0000 0. 0000 0. 5188 
MIXED CLAY j 0. 5302 1. 4476 0. 8141 0. 2761 0. 0000 0. 0000 3. 0680 
QUARTZ 1 4. 6310 3 7631 4. 7991 1. 5015 0. 2188 0. 0000 14. 9135 
GYPSUM 1 0. 0896 0 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 0896 
APATITE 1 0. 0000 0 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 
DOLOMITE 1 0. 0000 0 .8431 0. 1063 0. 0000 0. 0000 0. 0000 0. 9494 
CALCITE 1 0. 9441 1 .1806 0. 6537 0. 3554 0. 1609 0. 0000 3. 2947 
FE-RICH 1 0. 2175 0 .3815 0. 0000 0. 4810 0. 0000 0. 0000 1. 0800 
SILICATES 1 0, 0000 0 .3833 0. 2848 0. 0000 0. 1699 0. 0000 0. 8380 
MISCELLANEOUS j 0. 0000 1 .5507 0. 6615 0. 4149 0. 0000 0-0000 2. 6271 
TOTALS 1 28. 7566 32 .1820 24. 5300 10. 4852 3. 4342 0. 6120 1100. 0000 
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Table I-6a. Raw AIA data for Pittsburgh 200x0 mesh coal floated at 1.3 
specific gravity and leached with cold nitric acid. Data 
played back 22-JAN-86 
ChemistryXSize <4.0 <7.0 <12.0 <21.0 <36.0 >36.0 TOTALS 
FE-SULFATE | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
PYRITE 1 1.9358 5.5672 4.1059 3.3854 0.0000 0.0000 14.9943 
PYRITE+MISC 1 0.1065 0.0000 0.0000 0.0000 0.0000 0.0000 0.1065 
KAOLINITE 1 6.6369 6.8044 3.6864 1.2520 0.0000 0.0000 18.3797 
ILLITE 1 3.7805 3.9250 8.2559 1.5268 0.0000 0.0000 17.4882 
MONTMORILLONIT| 0.7480 0.3930 0.3415 0.0000 0.0000 0.0000 1.4825 
CHLORITE 1 0.1988 0.6961 0.0000 1.3195 0.0000 0.0000 2.2144 
MIXED CLAY | 0.8982 0.1457 0.4267 0.0000 0.0000 0.0000 1.4706 
QUARTZ 1 4.2722 8.8017 12.9913 7.2270 0.0000 0.0000 33.2922 
GYPSUM 1 0.0847 0.0986 0.0000 0.0000 0.0000 0.0000 0.1833 
APATITE 1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
DOLOMITE 1 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
CALCITE 1 0.3150 1.0918 0.4309 0.0000 0.0000 0.0000 1.8377 
FE-RICH 1 0.0000 0.0000 0.5277 0.0000 0.0000 0.0000 0.5277 
SILICATES 1 1.2839 1.8455 0.0000 0.0000 0.0000 0.0000 3.1294 
MISCELLANEOUS | 0.7550 0.4249 0.2651 0.0000 0.0000 0.0000 1.4450 
TOTALS 1 21.0155 29.8029 31.0314 14.7107 0.0000 0.0000 96.5515 
Table I-6b. Corrected and normalized AIA data for Pittsburgh 200x0 mesh 
coal floated at 1.3 specific gravity and leached with cold 
nitric acid. Data played back 22-JAN-86. No correction 
factors needed 
Chemistry\Size <4.0 <7.0 <12.0 <21.0 <36.0 >36.0 TOTALS 
FE-SULFATE 0, 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 
PYRITE 2. 0049 5. 7660 4. 2526 3. 5063 0. 0000 0. 0000 15. 5298 
PYRITE+MISC 0. 1103 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 1103 
KAOLINITE 6. 8740 7. 0474 3. 8180 1. 2967 0. 0000 0. 0000 19. 0361 
ILLITE 3. 9155 4. 0652 8. 5508 1. 5813 0. 0000 0. 0000 18. 1129 
MONTMORILLONIT 0. 7747 0. 4070 0. 3537 0. 0000 0. 0000 0. 0000 1. 5355 
CHLORITE 0. 2059 0. 7210 0. 0000 1. 3666 0, 0000 0. 0000 2. 2935 
MIXED CLAY 0. 9302 0. 1509 0. 4420 0. 0000 0. 0000 0. 0000 1. 5231 
QUARTZ 4. 4248 9. 1161 13. 4553 7. 4851 0. 0000 0. 0000 34. 4813 
GYPSUM 0. 0878 0. 1021 0. 0000 0. 0000 0. 0000 0. 0000 0. 1899 
APATITE 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 
DOLOMITE 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 0. 0000 
CALCITE 0. 3262 1. 1308 0. 4463 0. 0000 0. 0000 0. 0000 1. 9033 
FE-RICH 0. 0000 0. 0000 0. 5466 0. 0000 0. 0000 0. 0000 0. 5466 
SILICATES 1. 3297 1. 9114 0. 0000 0. 0000 0. 0000 0. 0000 3. 2411 
MISCELLANEOUS 0. 7819 0. 4401 0. 2746 0. 0000 0. 0000 0. 0000 1. 4966 
TOTALS 21. 7660 30. 8580 32. 1399 15. 2360 0. 0000 0. 0000 |100. 0000 
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Table 1-7. Comparison of MA mineralogîcal analyses of raw and nitric 
acid leached samples Illinois No. 6 raw coal. Results are 
expressed as weight percent of dry coal 
Mineral Raw Hot Leach Cold Leach 
FE-SULFATE 0.49 0.00 0.22 
PYRITE 5.68 0.21 1.89 
PYRITE+MISC 0.23 0.01 0.01 
KAOLINITE 3.36 2.39 2.30 
ILLITE 1.46 3.67 3.21 
MONTMORILLONITE 0.03 0.17 0.03 
CHLORITE 0.82 0.22 0.24 
MIXED CLAY 0.29 0.49 0.64 
QUARTZ 5.33 4.09 5.02 
GYPSUM 0.07 0.06 0.00 
APATITE 0.10 0.00 0.00 
DOLOMITE 0.01 0.00 0.00 
CALCITE 0.85 0.00 0.16 
FE-RICH 0.16 0.06 0.19 
SILICATES 0.29 0.28 0.10 
MISCELLANEOUS 0.12 0.48 0.19 
TOTALS 19.32 12.08 14.20 
Soluble fraction of MM 39.29% 2.89% 17.37% 
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Table 1-8. Comparison of AIA Mineralogical analyses of raw and nitric 
acid leached samples of Pittsburgh 200x0 mesh raw coal. 
Results are expressed as weight percent of dry coal 
Mineral Raw Hot Leach Cold Leach 
FE-SULFATE 0.46 0.03 0.02 
PYRITE 4.03 0.06 0.18 
PYRITE+MISC 0.06 0.00 0.03 
KAOLINITE 0.96 0.91 1.33 
ILLITE 0.74 1.07 0.97 
MONTMORILLONITE 0.02 0.03 0.02 
CHLORITE 0.20 0.04 0.07 
MIXED CLAY 0.19 0.11 0.13 
QUARTZ 0.58 1.00 0.66 
GYPSUM 0.01 0.14 0.01 
APATITE 0.00 0.00 0.00 
DOLOMITE 0.01 0.00 0.00 
CALCITE 0.07 0.13 0.23 
FE-RICH 0.23 0.01 0.01 
SILICATES 0.10 0.05 0.05 
MISCELLANEOUS 0.60 0.20 0.18 
TOTAL 8.26 3.76 3.87 
Soluble fraction of MM 58.96% 9.86% 12.42% 
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Table 1-9. Comparison of AIA mineralogical analyses of raw and nitric 
acid leached samples of Pittsburgh 200 mesh coal floated at 
1.3 specific gravity. Results are expressed as weight 
percent of dry coal 
Mineral Raw Hot Leach Cold Leach 
FE-SULFATE 0.02 0.00 0.00 
PYRITE 0.87 0.08 0.45 
PYRITE+MISC 0.04 0.01 0.00 
KAOLINITE 1.03 1.07 0.56 
ILLITE 0.65 0.71 0.53 
MONTMORILLONITE 0.07 0.04 0.04 
CHLORITE 0.05 0.01 0.07 
MIXED CLAY 0.09 0.08 0.04 
QUARTZ 0.36 0.39 1.00 
GYPSUM 0.00 0.00 0.01 
APATITE 0.00 0.00 0.00 
DOLOMITE 0.01 0.02 0.00 
CALCITE 0.02 0.09 0.06 
FE-RICH 0.02 0.03 0.02 
SILICATES 0.01 0.02 0.09 
MISCELLANEOUS 0.12 0.07 0.04 
TOTAL 3.37 2.63 2.92 
Soluble fraction of MM 29.08% 9.05% 18.28% 
